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An  apparatus  and  a  procedure  were  developed  for  precise  Be a sure ter t  of 
the  mixed  electrode  potential,  interface  resistance,  and  Interface 
capacitance  of  a  corroding  metal  surface  in  the  presence  of  polarizing 
current.  The  method  was  used,  together  with  special  instruments  for 
measuring  corrosion  continuously,  to  obtain  data  from  which  quantitative 
local  cell  polarization  diagrams  ccuid  be  constructed.  Studies  were 
made  on  mild  steel  corroding  freely  in  oxygen-free  salt  water  at  pH  4  -  6, 
and  on  this  electrode  in  the  presence  of  several  different  types  of 
corrosion  inhibitors.  Local  cell  polarization  data  for  the  Inhibited 
surface  were  compared  to  those  of  the  uninhibited  surface,  and  certain 
conclusions  were  drawn  regarding  the  mechanism  by  which  inhibitors  function. 
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IHTBODUCnCS 


Tne  mechanise  of  corrosion  of  metals  in  contact  with  electrolytes  has 
been  established  as  an  electrocheaical  cne  for  toany  years.  Since  th* 
tine  that  the  electrocheaical  theory  was  first  proposed,  the  most  widely 
used  and  revealing  method  for  studying  the  electrical  behavior  of  an 
electrode  in  solution  has  been  the  measurement  of  the  electrode  potential 
as  a  function  of  polarizing  current.  Polarization  data  resulting  from  such 
measurements  are  usually  presented  in  the  fora  of  curves  which  nay  be 
analyzed  in  order  to  draw  certain  conclusions  about  the  effect  of  variables. 

The  utility  of  these  polarization  curves  in  the  study  of  corrosion  inhibitors 
is  based  on  the  fact  that  under  the  proper  conditions  their  slopes  can  be 
clues  to  interpretation  of  the  manner  in  which  inhibitors  interact  with 
the  netal  surface.  At  best,  however,  this  type  of  polarization  curve  (i.e.f 
potential  vs.  applied  current)  can  give  only  an  indirect  indication  of  the 
true  state  of  polarization  on  the  surface.  As  pointed  out  by  Wears  and 
Brown  (Hef.  l),  the  polarization  characteristics  of  the  local  cells,  rather 
than  those  of  the  surface  as  a  whole,  rust  be  determined  before  a  definitive 
picture  of  the  metal-solution  interface  can  be  constructed. 

Local  cell  polarization  data,  when  available  and  properly  presented,  are 
invaluable  for  the  elucidation  of  the  mechanism  of  corrosion  and  corrosion 
inhibitor  action.  The  rates  of  change  of  local  anode  and  cathode  potential 
with  local  cell  current  indicate  which  electrode  process  is  controlling 
the  corrosion  rate,  and  changes  in  these  rates  of  change  nay  be  attributed 
to  adsorption  of  substances  at  the  metal-solution  interface.  In  addition, 
the  local  cell  current  corresponding  to  the  point  where  the  polarized 


v 


potential  difference  between  anode  and  cathode  areas  becomes  zero  Is 
equal  to  the  limiting  corrosion  current,  and  this  value  Is  determined  by 
the  slopes  of  the  potential  functions  for  local  anodes  and  cathodes.  Thus, 
a  knowledge  of  the  local  cell  polarizatfoa  carves  permits  one  to  account 
for  observod  corrosion  bei.jvlor  more  or  less  completely. 

Unfortunately,  however,  local  coll  polarization  data  are  very  difficult 
and  time  contusing  to  measure  by  mathods  which  have  been  available  to  workers 
in  this  field  in  the  past.  Primarily  for  this  reason  the  appearance  of 
experimentally  determined  local  cell  polarization  curves  In  the  literature  is 
rare,  despite  *he  unquestioned  Interpretative  value  of  such  data.  That 
work  which  ha*  been  reported  pertains  to  galvanic  couples  or  other  special 
configurations  In  which  the  anode  area  Is  distinct  and  separate  from  the 
cathodo  area,  thus  permitting  certain  simplifi cations  of  technique.  To  the 
knowledge  of  the  authors  of  this  report,  no  quantitative  local  cell  polariza¬ 
tion  data  have  heretofore  been  reported  for  a  corroding  nixed  electrode  on 
which  local  anodes  and  cathodes  are  relatively  snail  and  are  randomly 
distributed. 

The  main  objective  of  the  work  described  herein  was  to  determine  quantitative 
local  cell  data  for  one  such  mixed  electrode.  To  facilitate  the  making  of 
tho  required  measurements,  two  new  methods  for  measuring  corrosion  rates 
continuously  ware  employed.  These  were  (a)  The  Corroscmeter,  an  instrument 
6ystera  which  measures  loss  of  metal  {anodic  corrosion)  directly  without 
having  to  rerove  the  specimen  from  the  solution}  and  (b)  a  continuous 
hydrogen  gas  analyzer  of  high  sensitivity,  which  permits  following  the  rate 
of  cathodic  reduction  of  hydrogen  ions  in  the  solution.  Without  these  two 
instruments  it  would  not  have  been  possible  to  obtain  the  data  reported  here. 
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Secondary  objectives  of  the  work  were  twofold*  (a)  to  determine  the  effect 
of  certain  corrosion  inhibitors  on  the  local  cell  polarization  curvesj  and 
(b)  to  derive  from  the  data  a  further  insight  into  the  rsechanisa  of 
corrosion  and  of  corrosion  inhibition.  Analysis  of  the  local  cell  curves 
obtained  in  the  presence  of  corrosion  inhioltors  should  show  whether  ttie 
observed  effects  are  due  to  changes  in  open  circuit  potentials  of  local 
half-cells,  to  increased  rate  of  change  of  EMF  produced  by  local  cell  current, 
to  increased  interfacial  resistances,  or  to  sone  combination  of  these  .leioents* 
This  information  in  turn  would  allow  more  definite  answers  tha^  have  been 
heretofore  available  to  such  questions  as*  (l)  Is  the  inhibitor  adsorbed 
preferentially  on  local  anodes  or  local  cathodes;  (2)  Have  the  basic  electrode 
processes  been  altered  by  the  inhibitor,  or  have  the  reactive  areas  been 
reduced  without  being  essentially  changed;  and  (3)  How  has  the  relative 
dist-  buticn  of  corrosion  current  been  chang.  i. 

The  main  body  of  this  report  is  divided  into  four  parts.  Part  1  aevelopes 
certain  fundamental  concepts  necessary  for  a  clear  understanding  of 
polarization  data-  This  basic  exposition  was  considered  necessary  because 
of  the  present  ambiguity  and  lack  of  agreement  which  nay  be  found  in  the 
existing  literature  on  polarization  phenomenon  as  it  relates  to  the  corrosion 
process.  Part  2  describes  the  apparatus  and  methods  used  to  obtain  the  data 
for  construction  of  polarization  diagrams.  Part  3  presents  the  numerical 
results  obtained,  and  Part  4  discusses  these  results.  The  discussion  is 
devoted  to  pointing  out  the  various  emperical  relationships  that  are  evident 
frun  the  data  and  to  those  interpretative  concents  that  are  supported  by  the 
limited  amount  of  data  available-  A  core  exhaustive  theoretical  analysis 


would  be  beyond  the  scope  of  this  work. 


PART  1.  THEORY  AND  BACKGROUND 


1.1  It  Is  generally  recognized  that  tha  corrosion  of  Iron  (or  steel)  In 
acid  solutions  is  an  electrochemical  process  in  which  metal  dissolves  at 
relatively  anodic  points  and  hydrogen  Ions  are  reduced  to  hydrogen  at 
relatively  cathodic  points  on  the  metal  surface.  The  anodic  areas  undoubtedly 
exhibit  a  variety  of  electrode  potentials  within  a  certain  range  of  values* 
and  the  same  nay  be  said  for  cathode  areas.  To  assist  In  the  analysis  of 
this  distributed  electrode  activity,  it  is  convenient  to  lump  all  abodes 
together  and  assign  an  average-  value  of  anodic  potential,  EA,  and  of 
interfacial  resistance,  R^.  The  same  nay  be  done  for  the  cathodes  giving 

a  lumped  cathodic  potential  £(-,  and  resistance  Rq. 

1.2  For  the  hypothetical  case  in  which  no  net  current  flows  at  the  anodes* 
the  potential  difference  across  the  natal-solution  Interface  would  be 

=  (Ea^l  ihe  so-called  "open-circuit*  potential  of  the  anodes.  If  no 
net  current  were  flowing  at  cathodes,  the  aeasured  potential  there  would 
be  Ec  =  (Eq)0,  the  "open-circuit*  potential  of  the  cathodes.  However,  in  all 
car*'*-  where  corrosion  occurs,  soae  current  does  flow  at  anodes  or  cathodes  or 
both.  The  respective  potentials  then  are  no  longer  equal  to  (Ej«)0  and  (Eq)0, 
and  are  said  to  be  "polarized."  The  study  cf  corrosion  phenomenon  so  often 
involves  neasurecent  of  polarized  potentials  that  certain  practical  definitions 
of  electrode  potential  which  include  IR  drops  have  cone  into  use.  The 

{ 1 )  Electrode  potential  symbols  E*  and  Eq  will  be  used  in  this  report  to 
designate  true  EMF*c,  and  are  intended  to  include  both  activation  energy 
effects  and  diffusion  or  concentration  effects.  Resistance  symbols  R^ 
and  R(;  will  be  used  to  designate  that  portion  of  any  change  of  potential 
drop  across  an  interface  that  varies  linearly  with  current.  According  to 
the  tneory  of  electrode  reactions,  E*  and  Ec,  and  to  sene  extent  R^  and  Sq* 
are  functions  of  the  respective  current  densities. 
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following  discussion  Is  intended  to  distinguish  between  several  of  these 
ss  they  relate  to  the  present  research. 


1.2  If  sooe  net  anodic  current,  1^,  flows  (current  flowing  fro*  local 
anodes  into  the  solution),  the  average  potential  difference  across  the 
interface  at  anodic  points  will  be 

?Da  =  Ea  ♦  (Equitieo  l) 

Similarly,  when  a  net  cathodic  current,  Iq,  flows  (current  froa  solution 
to  the  cathodes)  the  average  potential  difference  across  the  interface  at 
cathodic  points  will  be 

Kfc  =  Ec  -  ij^c  {Equation  2) 

Equatice-s  1  and  2  constitute  the  definitions  cf  the  *pc  lari  red  local  anode 
potential*  and  the  "polarized  local  cathode  potential*  that  will  be  -jsed 
in  this  report. 

1.3  Individual  >ie  and  cathode  potentials  are  scaawhat  hypothetical  for 
steel  undergoing  corrosion  In  add  solution,  irasesjeh  as  local  cell  activity 
is  distributed  randomly  over  the  surface.  Fcr  this  case,  the  nature  of  the 
electrode  potential  cay  be  analyzed  as  follows*  If  It  *-c  assessed  that  the 
resistance  through  the  electrolyte  is  negligible  when  compared  to  R*  ♦  Rq 

(a  valid  assumption  then  corrosion  is  uniform  acd  local  cells  are  close 
together),  then  the  electrochemical  behavior  cf  the  corroding  metal  surface 
cay  be  represented  by  a  simple  equivalent  circuit  such  as  that  shewn  In 
Figure  1.  According  to  this  picture,  the  local  ^".cce  potential  and  local 
cathode  potential  are  each  polarized  to  the  ssae  value  at  the  s  lutlen  side 
of  the  electrocherical  boundary  layer  (Point  ?,  Figure  l).  Thus,  the 
potential  difference  between  P  and  H,  Figure  1,  is  giv<n  by 
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(Equation  3) 


eA  *  U«A  =  He  "  iCFC  = 

The  potential  difference  expressed  by  Equation  3  is  the  so-called  "nixed 
electrode  potential,"  and  is  the  potential  difference  that  will  be 
measured  between  the  corroding  octal  and  any  reference  half-cell  located 
in  the  surrounding  electrolyte,  after  the  total  potential  difference  has 
been  corrected  for  any  IR  drops  due  to  flow  of  current  through  the  electro¬ 
lyte  as  a  whole-  These  remarks  together  with  Equation  3,  serve  to  define 
the  "potential*  of  a  mixed  electrode  for  the  purpose  of  this  report. 

1.4  Another  concept  of  the  mixed  electrode  potential  appears  in  the  litera¬ 
ture,  and  should  be  clearly  differentiated  from  the  above.  Some  authors 
prefer  to  consider  the  potential  to  be  a  function  only  of  the  instantaneous 
values  of  E A,  RA*  EC  and  Rq.  The  defining  equation  Is 

EA  *  eLrA  =  He  ”  *1^0  =  pPL  (Equation  4) 

where 

iL  =  EC  ~  EA 

Ra  *  He  (Equation  5) 

PDj_  will  be  referred  xo  as  the  "reduced  mixed  potential." 

1.5  The  definitions  of  the  two  types  of  mixed  electrode  potentials  given 
by  Equations  3  and  4  are  general,  and  are  valid  whether  or  not  current  is 
flowing  to  or  from  the  corroding  surface  from  an  external  source,  hhen  no 
such  current  is  flowing,  1a  =  ic  =  *L»  Equations  3  and  4  become  identical 
In  this  case  no  problem  arises  fren  using  the  two  concepts  interchangeably, 
wiicn  current  is  flowing  to  or  froa  a  remote  electrode,  /  ij.  ij_,  and 

so  PDp  and  PD^  diverge  accordingly. 


1*6  In  the  region  where  PDp  and  PD^  are  distinct,  due  to  the  effect  of 
polarizing  current  at  the  interface,  a  simple  relationship  between  the 
two  potentials  is  provided  by  the  circuit  analogy  discussed  in  Section  1.3. 
Referring  to  Figure  1,  it  nay  be  shown  (See  Appendix  A)  that* 

—  FDj_  —  l^f  (Equation  6) 

where  Ix  is  the  absolute  value  of  the  polarizing  current,  and  Rf  is  the 
interface  resistance  in  the  path  of  Ixj  thus 
Rf  =  RA  I  *C  . 

Rx  ♦  P-c  (Equation  7) 

The  plus  sign  in  Equation  6  applies  to  anodic  polarization!  the  minus 
sign  to  cathodic  polarization. 

1.7  The  argument  has  been  advanced  (e.g..  Ref.  2  and  3)  that  the  potential 
designated  as  PD^  Is  a  “pure*  potential  Inasmuch  as  PD^  presumably  contains 
no  IR  dr-'-p  due  to  polarizing  current.  According  to  Equations  3,  •*,  and  6, 
each  is  a  complex  mixture  cf  clip’s  and  IR  drop',  and  neither  should  be 
referred  to  as  "pure.*  Thus,  the  designation  of  PDp  and  PD^  as  "potentials* 
is  less  a  natter  of  accuracy  than  of  practical  convenience. 

1.8  Both  PDp  and  PD^  deserve  attention  in  a  study  of  local  cell  polariza¬ 
tion  and  corrosion.  The  former  is  somewhat  nore  useful  in  a  practical 
sense,  in  that  it  is  nore  sensitive  to  film  resistance  and  corrosion  current. 
The  latter  has  somewhat  care  fundamental  significance,  reflecting  only 
local  half-cell  EMF’s  and  electrode  resistances  as  they  may  be  affected  by 
adsorption  and  desorpticn  at  the  interface. 

1.9  The  electrochemical  behavior  of  a  corroding  metal- solution  interface 
may  be  presen  ed  graphically  by  means  of  so-ca;Ie.-  polarization  diagrams 
(Ref.  4  and  5).  u  1 '  desired  to  distinguish  between  two  different  kinds 
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of  diagrams  which  are  often  not  clearly  identified  in  the  literature  on 
corrosion.  Cne  shall  be  designated  the  "mixed  potential  polarization 
curve,*  and  the  other  shall  be  designated  the  "local  cell  polarization 
diagram.*  The  former  is  a  plot  of  the  nixed  potential  vs.  the  current 
Impressed  from  IT.  external  source*  the  latter  (local  cell)  diagram  is  a 
plot  of  local  anode  and  local  cathode  half-cell  potentials  vs.  local  cell 
current.  Both  kinds  of  diagrams  are  instructive  and  both  have  been  com¬ 
piled  for  each  system  studied  in  the  present  work  when  the  data  was 
accessible. 

1.10  Because  so  little  quantl tative  local-cell  polarization  data  has 
been  reported,  no  uniform  method  of  presenting  the  data  has  been  developed. 
The  method  used  in  this  report  was  chosen  to  display  the  data  in  a  form 
that  was  considered  to  be  most  easily  perceived  and  understood  by  those 
not  entirely  familiar  with  polarization  phenomenon. 

1.11  A  hypothetical  local  cell  polarization  diagram  is  shown  in  Figure 

2-  The  lines  marked  "Anodic"  and  "Cathodic*  are  the  loci  of  the  variations 
of  local  anuoic  and  local  cathodic  polarized  potentials,  respectively. 

Thus,  these  two  lines  are  described  precisely  by  Equations  1  and  2, 

Section  1.2.  In  order  to  reconstruct  such  a  diagram  for  an  actual  system, 
it  is  necessary  to  (a)  vary  the  net  anodic  (or  cathodic)  currents  in  a 
known  canner,  and  (b)  measure  the  anodic  (or  cathodic)  polarized  potentials 
corresponding  to  knew n  cell  currents.  According  to  the  concept  of  local 
cell  polarization  adopted  in  this  work  (See  Section  1.2)  the  currents 
referred  to  in  (a)  above  are  identical  with  i^  and  Iq  of  Equations  1  and  2, 
and  the  potentials  of  (b)  above  are  identical  with  FD^  and  PDq  as  defined 
by  Equations  1  and  2. 
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1.12  These  same  two  equations  show  that  when  =  0,  Pty  =  (Ea)q,  the 
•open  circuit*  potential  of  the  anodes*  and  when  =  0,  PDq  =  {EqJq, 
the  *open  circuit*  potential  of  the  cathodes.  These  two  open  circuit 
potentials  are  fundamental  parameters  in  the  analysis  of  polarization 
behavior,  and  thus  the  experisaental  set-up  should  be  arranged  to  reduce 
iA  and  i^-  to  zero  if  possible. 

1.13  Khen  the  anodes  are  distinct  and  separated  fron  the  cathodes,  as  in 
some  galvanic  cells,  it  is  possible  to  vary  the  cell  current  by  means  of 
an  artificial  resistance  inserted  in  the  metallic  path.  Anode  and  cathode 
potentials  cay  be  ceasured  on  separate  and  distinct  areas,  and  the  curves 
cay  then  be  drawn  immediately  fron  experimental  data.  Kost  local  cell 

data  reported  in  the  literature  has  been  obtained  using  such  separable  anodes 
and  cathodes  (Sef.  6,  7,  8,  9). 


1.14  Cn  the  other  hand,  when  anodes  and  cathodes  are  of  nicroscopic  size 
and  are  close  together  on  a  single  corroding  surface  (such  as  they  are 


during  acid  corrosion),  the  only  practical  way  to  vary  1^  and  ij.  is  to 
repress  current  free  an  external  source.  Hhen  the  test  surface  is  cade 
cathodic  with  respect  to  the  impressed  current,  iA  is  reduced;  when  the  test 
surface  cade  anodic,  Iq  is  reduced.  (See  Appendix  A) 

1.15  As  specified  in  Section  1.11,  local  cell  polarization  curves  consist 
of  individual  polarized  potentials  defined  by  Equations  1  and  2.  Individual 
anode  and  cathode  potentials  cannot  be  distinguished  on  a  nixed  electrode. 


however,  so  they  must  be  determined  indirectly.  Only  the  nixed  potentials 
PDp  of  Equation  3  can  be  measured  opposite  the  nixed  electrode.  A  comparison 


of  Equation  3  with  Equations  1  and  2  shows  that  PDp  will  equal  PD^  when 
0  =  Iq  ==  lCorr.,  whe-e  ^ccrr.  *s  thc  loc^l  cell  current  corresponding  to 
the  equilibrium  corrosion  rate.  Similarly  PDp  will  equal  PDq  when 
0  $  i£  =  i  _r  ^huss  the  anodic  branch  of  the  diagram  is  determined  by 
cathodic  polarization,  and  th<»  cathodic  branch  is  determined  by  anodic 
polarization. 

1.16  According  to  the  above  analysis,  the  two  experimental  variables 
which  cm st  be  measured  are  (l)  the  net  anodic  or  cathodic  current  flowing 
at  the  surface,  and  (2)  the  nixed  potential  PD^.  During  cathodic  polariza¬ 
tion  the  net  anodic  current  iA  is  proportional  to  the  rate  of  loss  of 
cetal.  This  rate  data  cay  be  obtained  by  weight  loss  measurements,  as  has 
been  reported  (Ref.  1).  However,  weight  loss  methods  were  considered  too 
cumbersome  for  the  type  of  experiments  planned.  A  continuous  measure  of 
anodic  dissolution  was  highly  desirable.  At  the  time  tha*.  this  work  was 
first  proposed  (1554)  a  method  for  following  the  corrosion  rate  of  steel 
in  acid  solution  continuously  by  means  of  hydrogen  gas  analysis  had  been 
developed  (Ref.  10)  and  was  being  used  in  this  laboratory.  Hydrogen  is 
generated  by  the  cathodic  reaction,  and  thus  is  a  direct  measure  of  anodic 
current  only  in  the  absence  of  impressed  current.  When  icpressed  current 
is  flowing,  the  anodic  current  (i^)  cay  be  calculated-  fron  the  values  of 
the  impressed  current  (lx)  and  the  total  cathodic  current  (ijj)  calculated 
frca  the  rate  of  hydrogen  evolution-  The  equation  is* 

=  ijj  -  Ix  (Equation  8) 
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1-17  ft;rlng  anodic  polarization,  net  cathodic  current  is  wasured  directly 
by  ift,  i-e.,  ic  =  Ijj,  and  thus  the  continuous  hydrogen  analysis  technique 
could  be  used  to  measure  local  cell  currents  for  both  branches  of  the 
polarization  diagram.  This  experimental  approach  was  t be  cr.e  outlined  in 
the  original  proposal  for  contract  work. 

1.18  Between  the  time  that  the  proposal  was  submitted  and  ths  tine  work 
was  begun,  a  second  and  core  u'.iversally  applicable  method  for  measuring 
corrosion  current  continuously  had  been  developed  (Sef-  ll).  This  method 
follows  the  change  in  electrical  resist<«nce  of  a  metallic  specimen,  and 
thus  gives  a  direct  indication  of  the  loss  of  metal  frost  the  surface.  This 
data  may  be  used  to  calculate  the  total  anodic  current,  ijj.  This  data  can 
also  be  used  to  calculate  Iq  resulting  from  anodic  polarization  by  means 

of  a  relation  similar  to  that  of  Equation  8,  namely* 

ic  =  ijj  -  lx  (Equation  9} 

The  data  so  obtained  could  then  be  used  to  check  that  from  hydrogen  evolu¬ 
tion.  After  certain  minor  problems  of  application  had  been  worked  out,  the 
resistance  method  proved  much  simpler  to  use  and  more  reliable  than  the 
hydrogen  analysis  method.  Therefore,  all  anodic  rate  data  were  measured 
by  the  resistance  technique  ratner  than  by  use  of  Equation  8.  Both  methods 
were  used  at  different  times  to  measure  the  cathodic  cmrrent. 

1.19  The  measurement  of  mixed  potentials  in  the  presence  of  impressed 
current  presents  certain  experimental  problems.  The  potential  difference 
measured  in  any  practical  arrangement  will  include  IS  crops  due  to  Ix  that 
have  no  relation  to  the  desired  polarized  potential.  Referring  to  Figure  1, 


the  potential  difference  between  J  and  9  will  be,  in  general 


PDj  =  FDp  ♦  IXRS  {Equation  10) 

or,  substituting  for  POp  fro*  Equation  6t 

PDj  =  F3l  t  t  Jx^s  =  1  Ix(»f  *  *s)  (Equation  ll) 

According  to  Equation  10,  FDp  cay  be  calculated  fron  PDj  if  the  tens 
IXHS  can  be  evaluated.  Similarly,  Equation  11  shows  that  F9j_  nay  be  cal¬ 
culated  fren  PDj  if  the  tern  Ix(Rf  *  3S)  can  evaluated. 

1.20  A  nuober  of  techniques  have  been  used  by  other  workers  to  measure 
polarized  potentials  in  the  presence  of  impressed  current.  Some  are 
designed  to  eiinir.ate  the  undesired  12  drops  care  or  less  automatically. 

Others  are  designed  to  evaluate  the  resistances  so  that  the  IR  terns  nay 
be  deducted  algebraically.  One  teethed  of  the  former  type  that  has  been 
devised  for  working  with  relatively  large  extraneous  IR  drops  is  known  as 
the  Pearson  Bridge  (Ref.  12).  This  bridge  has  been  used  with  certain  varia¬ 
tions  for  a  number  of  polarization  studies  relating  to  the  action  of  corrosion 
inhibitor*  {Ref.  13  and  l4).  Holler  (Hof-  9)  modified  the  original  circuit 
end  used  a  somewhat  different  technique  tc  study  galvanic  couples.  Holler’s 
technique  was  adopted  for  use  in  the  present  work  because  it  was  designed  to 
eliminate  the  tern  Ix{Rf  ♦  Rs)  from  the  measured  potential  in  a  single  opera¬ 
tion  and  thus  permit  a  relatively  simple  determination  of  PDr.  The  details  of 
this  method  are  presented  in  Part  2. 

1-21  Jtethods  involving  short-period  interruption  of  polarizing  current 
(Refs.  15,  16,  17,  18,  19)  were  considered,  but  were  rejected  for  the  following 
reasons.  First,  the  electronic  instrumentation  required  for  best  results 
using  t.nese  methods  is  complex  and  might  have  been  difficult  to  maintain 


proper  operating  conditions. 


Second*  the  widely  distributed  electrical  systea  resulting  froft  the  continuous 
flow  of  brine  {Ref.  20)  would  have  severely  limited  frequency  response  of 
the  network,  and  with  it  the  rapidity  with  which  the  current  ceold  be 
switched  on  and  off.  And  third,  the  interpretation  of  the  dati  mould  have 
been  difficult  in  view  of  the  apparent  lack  of  agreement  between  results 
obtained  under  even  ideal  conditions  by  workers  in  this  field. 

1.22  A  third  experimental  approach  involves  measurement  of  the  cell  con¬ 
stants  using  alternating  current  techniques.  Potentials  are  then  corrected 
for  resistive  terms  by  calculation.  This  approach  has  the  advantage  that 
measurements  may  be  made  without  making  any  abrupt  changes  in  the  D.C. 
polarizing  current. 

1.23  Cne  of  the  earliest  workers  to  use  alternating  current  fcr  this  purpose 
was  Seichenstein  {Ref.  21),  who  determined  the  equivalent  of  Kr  and  Cy, 

Figure  1,  and  then  subtracted  the  term  IRf  from  the  potential  difference 
measured  in  the  presence  of  polarizing  current  to  get  the  "true*  potential. 
Many  years  later  Vfohr  {Ref.  22)  used  superimposed  A-C-  to  advantage,  and 
recently  Shaw  and  Reaick  (Ref.  23)  and  Haupin  (Ref.  24)  have  mace  illuminating 
oscillographic  studies  using  alternating  current  at  a  metal-sciuticn  inter¬ 
face.  Results  obtained  substar li ate  the  model  of  the  interface  as  presented 
in  Figure  1-  Thr  method  appeared  to  be  well  suited  to  the  tyre  of  work 
planned  for  this  project,  and  eventually  proved  to  be  the  only  cne  which 
enabled  the  desired  measurements  to  be  made. 


PART  2.  APPARATUS  AND  PROCEDURES 


2.0  The  overall  apparatus  used  to  obtain  the  polarization  data  Is  shorn 
as  a  block  diagram  in  Figure  3.  A  description  of  the  individual  units 
is  given  below. 

* 

2.1  Solution  Surely 

2.1.1  Solutions  were  made  up  In  10  gallon  glass  bottles  fitted  with  a 
solution  cutlet  tube  and  a  gas  inlet  tuj>e  terminating  in  a  sintered  glass 
dispersion  disc.  Carbon  dioxide,  cesser clal  medical  grade,  was  used  with¬ 
out  additional  purification  to  purge  solutions  free  cf  air. 

2.1.2  Corrosive  solution  was  purped  cut  of  the  storage  bottles  and  through 
the  remainder  of  the  flow  system  by  means  of  a  finger-type  cunp  which 
forced  liquid  through  flexible  tubing  by  a  perlstallic  action- ^  Solution 
then  flowed  through  glass  coils  immersed  in  a  thersostated  glycerine  bath, 
by  which  it  was  brought  to  the  desired  temperature-  Gas  released  from 
solution  upon  heating  was  vented  to  the  atmosphere  after  the  heating  bath. 
Solution  then  flowed  into  the  bottom  of  the  test  chamber,  rose  past  the 
test  electrode,  ar.i  overflowed  near  the  top  of  the  chamber.  Khen  oil  was 
used  along  with  the  water  solution,  it  was  prepared  and  delivered  to  the 
test  chamber  in  the  same  manner. 


2-2  Test  Chambers 


2.2.1  Two  different  types  of  test  chambers  were  used  curing  the  work.  The 
first  to  be  used  was  a  glass  cylinder,  8  inches  tall  and  5  inches  in  dia¬ 
meter,  having  an  internal  volume  of  2  liters  (See  Figure  4).  The  test 
electrode  was  located  on  the  axis  of  the  cylinder,  while  the  auxiliary 
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electrode  was  in  the  fora  of  a  partial  cylinder  which  coopletely  surrounded 
the  test  electrode  and  was  located  just  inside  the  wall  of  the  chamber. 

A  porous  cylinder  was  placed  between  the  inner  and  outer  electrodes  to 
prevent  the  sixinc,  of  gases  froa  the  cathode  and  anode  processes,  and  to 
licit  aixir.g  of  the  electrolytes.  The  connection  free  the  reference  half¬ 
cell  entered  through  a  port  half-way  up  the  side  of  the  charier,  passed 
through  a  hole  in  the  auxiliary  electrode,  and  terminated  in  the  solution 
between  this  electrode  and  the  porous  cylinder. 

2.2.2  Liquid  and  gas  entered  froa  a  special  prefixing  chaaber  attached 
to  the  hotter  of  the  test  charier.  This  prefixing  device  contained  a 
rotary  cechanical  stirrer  driven  by  a  notor  located  beneath  the  unit,  and 
was  fitted  with  inlets  for  brine,  oil,  one  or  core  gases,  and  one  or  core 
hypodexaic  needles  used  to  inject  cheaical  inhibitors  into  the  flow  streaa 
i mediately  prior  to  contact  with  the  electrode.  This  prefixing  chamber 
was  attached  to  the  glass  corrosion  cell  by  means  of  an  O-ring  seal,  whereby 
it  could  be  quickly  detached  for  cleaning  and  inspection. 

2.2.3  Electrical  leads  to  the  electrodes  were  breught  cut  of  the  top  of 
the  corrosion  chaaber  through  gas-tight  bushings  sealed  in  a  removable 
cover  plate.  This  plate  also  carried  the  gas  outlet  tube  froa  the  central 
electrode  space. 

2.2.4  The  second  type  of  test  chaaber  used  was  of  the  ,!H*  shape,  with  one 
of  the  electrodes  in  each  of  the  two  vertical  tubes  (See  Figure  5).  Each 
vertical  tube  was  2  inc'ne .  in  diameter  and  10  inches  tall  with  an  internal 
volume  of  51C  al-  The  connecting  tube  was  one  inch  in  diameter,  and  con¬ 
tained  a  plug  of  glass  wool. 
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2.2.5  The  saw  prefixing  charcer  as  described  above  was  used  to  Introduce 
fluids  into  the  right-hand  am.  containing  the  test  electrode.  The  other 
am  was  filled  by  flow  of  solution  through  the  ccrr.ecting  tube.  Other 
connections  were  siailar  to  these  of  the  above-described  concentric  arrange¬ 
ment,  except  that  the  probe  iron  the  reference  half-cell  entered  thrcssgh. 
the  top  instead  of  the  side.  This  H-cell  is  «hcwn  In  a  photograph. 
Figure  6. 


2.3  T°st  electrode  Assemblies 


2-3-1  The  sice  and  shape  of  toe  test  electrode  was  varied  to  suit  the 
requirements  of  different  exparisents.  Curing  cathodic  polarization  runs, 
then  the  Ccrrcscc.eter  (see  belcw)  was  used  to  measure  metal  loss,  the 
electrode  was  made  from  shin  stock  0.000  or  0.003  inches  thick,  was  l/3 
inches  wide  by  3  inches  long,  and  had  an  apparent  exposed  area  of  5.0  sq.ca. 
This  exposed  specimen  was  an  integral  part  of  a  transducer  (called  a  “probe") 
made  for  use  with  the  Corrcsmeter.  Electrical  connection  to  the  polarization 
circuit  was  made  by  tapping  cr.e  of  the  five  electrical  leads  connecting  the 
probe  to  the  rain  unit  of  the  Ccrroscmeter-  See  Figure  6 A. 

2.3.2  During  anodic  polarization  runs,  when  only  hydrogen  evolution  was 
measured,  the  test  electrode  was  made  from  a  six  inch  length  of  1-1/5  .rch 
O.D.  cold  drawn  steel  tubing,  SAE  IC30,  closed  at  both  ends  with  a  steal 
plug,  and  having  a  1/-3  ir..h  C-3-  steel  tube  attached  axially  to  one  end. 

The  exposed  area  was  adjustable  up  to  approximately  £0  sq.ca.,  by  painting 
ever  a  portion  of  the  total  available  surface.  The  larger  surface  area 
was  necessary  tc  obtain  sufficient  hysiooen  gas  for  accurate  analysis  within 
a  reasonable  length  of  time. 
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2.3.3  For  special  test  runs  in  which  metal  loss  and  hydrogen  evolution 
were  measured  simultaneously,  an  electrode  was  constructed  by  cementing 
a  2.5  cm.  x  30  cm.  strip  of  0.002  inch  shim  stock  to  a  6  inch  length  of 
1-lA  inch  O.D.  Micarta  tubing,  in  the  shape  of  a  spiral.  Electrical 
leads  were  run  through  small  holes  in  the  wall  of  the  tubing  and  thence 
out  of  the  assembly  through  the  hollow  support  tube. 

2.4  Preparation  of  tne  Electrode  Surface 

2.4.1  Test  electrode  surfaces  were  prepared  for  all  runs  by  sandblasting. 
This  process  served  both  to  remove  deposits  left  by  previous  use  of  the 
electrode,  and  to  provide  an  active  and  uniformly  etched  surface  for 
experimentation.  No  other  kind  of  surface  treatment,  including  acid  etching 
abrading  with  sandpaper  or  enerypaper,  and  pre-electrolysis  gave  results 
comparable  to  sandblasting  with  respect  to  reprcduceability  cf  potentials 
and  time  required  for  the  potential  and  corrosion  rate  to  become  constant 
after  ijnaersion. 


2.4.2  The  sand  used  was  200  -  250  mesh,  ar.d  was  especially  processed  for 
use  on  small  objects  where  maximum  effect  is  desired  with  a  minimum  of 
metal  removed.  Measuiement  with  the  Corrosometer  before  and  after  blasting, 
indicated  that  good  cleaning  could  usually  be  obtained  with  removal  of  less 
than  100  nicroinches  of  metal  from  the  surface.  The  effect  of  wiping  the 
sanablasted  surface  with  tissue  wet  with  organic  solvents,  in  order  to 
remove  a  snail  amount  of  grease  deposited  by  the  sand,  was  investigated. 

The  result  was  usually  a  more  erratic  behavior  than  with  no  wiping  at  all. 
This  effect  was  believed  to  be  due  to  the  presence  of  organic  plastic 
coatincs  used  cn  the  electrodes  to  m3sk  certain  areas  and  protect  electrical 


connections.  The  solvents  used  probably  dissolved  small  amounts  of  th* 
coatings  and  spread  the  polyrseric  material  over  the  metal  surface,  where 
it  was  removed  only  slowly  by  the  action  of  the  corrosive  medium. 

2.5  Exposure  Conditions 

2.5.1  The  exposure  conditions  used  for  most  of  the  runs  reported  here  were 
as  follows* 


Flow  Rate*  100  ml.  per  minute 

Temperature*  60°  C.  (140°  F.) 


Solution*  3X  KaCl  in  Distilled  Water. 

Acetic  Acid-Sodium  Acetate 
buffer  added.  Saturated  with 
Carbon  Dio'  ide. 


pH 


4.5  or  5.5,  as  noted. 


2.5.2  The  throughput  rate  of  100  ml.  brine  per  minute  used  for  all  the  tests 
was  quite  low  compared  to  that  found  in  most  Industrial  systems  where  corro¬ 
sion  due  to  mildly  acidic  brine  is  a  problem.  Hence,  concentration  polari¬ 
zation  was  expected  to  play  a  larger  part  in  the  total  polarization  effect 
observed  during  these  experiments  than  it  does  in  most  applications.  The 
problems  of  supplying  large  volumes  of  fresh  solution  for  long  periods  of 
time  in  the  laboratory  ruled  out  throughputs  higher  than  that  used.  The 
velocity  of  fluid  flow  relative  to  the  metal  surface  was  higher  than  would 
be  calculated  from  the  rate  of  throughput,  because  of  the  circular  motion 
imparted  to  the  fluids  in  the  chamber  by  the  impellor.  Observation  of  the 
motion  of  gas  bubbles  led  to  the  estimate  of  10  to  15  ere.  per  second  for 
the  tangential  fluid  velocity  at  the  surface  of  the  test  electrodes.  This 
velocity  was  not  great,  but  resulted  in  much  less  polarization  than  would 
have  occurred  had  the  solution  been  stagnant. 
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2-5.3  The  pH  range  used  (4.S  to  5.5)  was  chosen  arbitrarily  to  fall  within 
the  weav  acid  range  and  yet  give  a  corrosion  rate  high  enough  to  work  wixh. 

An  acetic  acid-sodium  acetate  buffer  was  used  to  stabilize  the  pH  against 
changes  due  to  (l)  loss  of  OC^  in  the  heating  coils  through  which  the 
brine  passed,  and  (2)  consumption  of  hydrogen  icn  by  the  corrosion  process. 
The  corrosion  rate  in  this  pH  range  is  relatively  lew  at  room  temperature, 
and  so  the  elevated  temperature  was  used  to  increase  the  corrosion  rate, 
and  also  to  increase  the  rate  of  adsorption  and  desorptions  reactions  at 
the  metal-solution  interface- 

2-5.4  Oxygen  was  scrupulously  avoided  so  that  reduction  of  hydrogen  ion 
would  be  the  only  known  cathodic  reaction  occurring  during  the  corrosion 
process-  Thus,  the  rate  of  hydrogen  evolution  could  be  used  whenever  desired 
to  measure  the  rate  of  corrosion. 

2.6  General  Procedure  Used  for  Potential  Runs 

2-6-1  Certain  operations  ccrrron  to  all  polarization  potential  runs  are 
described  here.  Other  more  specific  operations  are  ^escribed  undar 
individual  headings. 

2-6.2  Before  the  electrode  surface  was  prepared,  the  solution  supply  pump 
was  started  and  the  test  chamber  filled  with  solution  at  the  operating 
temperature-  Several  chamber  volumes  of  solution  were  put  through  while 
a  stream  of  CO2  was  used  to  purge  the  chamber.  The  electrode  to  be  used 
was  '•  V.'.  sandblasted  and  immediately  immersed  in  the  test  solution.  The 
e' metrical  connections  were  completed,  and  the  corrosion  rate  and  potential 
were  followed  until  the  potential  reading  was  essentially  constant.  A  drift 
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of  less  than  4  a v  per  hour  was  considered  ^constant.*  After  the  potential 
had  been  constant  for  about  30  minutes,  the  secret  of  polarizing  current 
was  connected  through  the  bridge  circuit  to  the  cell,  and  increasing 
values  of  current  were  passed  between  the  two  electrodes. 

2.6.3  Three  different  procedures  were  used  to  determine  the  mixed  potential 
polarization  potentials,  deperding  on  the  bsisvicr  of  the  system.  In  one, 
referred  to  herein  as  Polarization  Procedure  A,  the  impressed  current  was 
applied  at  the  desired  intensity  and  the  potential  was  followed  until 
constant  before  recording  its  value.  Cnre  the  potential  corresponding  to 

given  impressed  current  had  been  measured,  the  current  was  shut  off  and 
the  potential  again  allowed  to  become  constant.  The  next  higher  value  of 
impressed  current  was  then  applied  and  the  process  repeated.  In  the  second 
procedure,  referred  to  as  Polarization  Procedure  3,  each  higher  value  of 
impressed  current  was  applied  directly  after  the  proceeding  one.  and  time 
was  allowed  at  each  current  for  the  potential  to  become  constant.  Polari¬ 
zation  Procedure  C  involved  measurement  of  the  potential  as  soon  as  possible 
after  each  new  value  of  impressed  current  was  established,  and  the  polarizing 
current  was  shut  off  after  each  measurement.  as  ir.  Procedure  A. 

2.6.4  The  procedure  followed  when  an  inhibited  s', -stem  was  to  be  tested  was 
as  follows.  The  test  electrode  was  set  up  as  described  above  and  allowed  to 
come  to  a  constant  uninhibited  corrosion  rate  end  potential  {lx  =  0).  A 
solution  of  the  inhibitor  was  then  injected  by  means  of  the  autosatic  syringe, 
and  injection  continued  until  the  corrosicr.  rate  was  again  constant  at  some 
new  value.  At  least  one  hour  of  exposure  tc  the  inhibitor  after  the  inhibited 
rate  had  become  constant  was  allowed.  The  potential  measurements  were  then 


carried  out  as  above.  Ail  data  for  inhibitors  apply  to  measurements  made 
during  continuous  injection  of  the  inhibitor. 

2.7  Apparatus  for  Measurement  of  Metal  Loss 

2-7.1  The  apparatus  used  to  treasure  loss  of  cetal  was  a  Recording  Cbrroso- 
aeter.^i  This  instrument  follows  the  change  of  electrical  resistance  of  a 
metallic  specimen,  and  produces  a  chart  record  directly  in  units  of  micro- 
inches  of  metal  lost  from  the  surface.  The  basic  principles  of  this  general 
method  have  been  described  fully  in  the  literature  (Ref.  11,  25,  26). 

2.7.2  The  scale  of  the  recorder  was  calibrated  directly  in  terms  of 
corrosion  current  in  the  following  manner.  A  probe  designed  for  use  with 
the  Corrosc-seter  was  first  exposed  to  a  neutral  solution  of  sodium  chloride 
in  distilled  water  which  had  been  freed  of  oxygen-  The  corrosion  rate  was 
followed  for  one  hour,  during  which  time  no  measurable  corrosion  occurred. 

A  second  electrode  was  then  placed  in  the  solution,  and  current  was  passed 
in  such  a  direction  that  iron  was  dissolved  from  the  test  element  surface. 

At  all  current  densities  up  to  2  ma/sq.  cm.  (the  highest  tested),  the  metal 
loss  indicated  by  the  Corroscmetex  was  within  52  of  that  calculated  frc* 
the  current  using  Faraday’s  equivalent.  This  accuracy  was  considered 
entirely  adequate. 

2.7.3  The  conversion  of  anodic  dissolution  rate  to  electric  current  and 
vice  versa  was  done  using  the  following  relationship  (for  mild  steel)* 

Current  (ma/cc2)  =  (sicroinches  penetraticn/hr.)  x  1.83  x  1 0"2 


(l)  Xanufactured  by  Crest  instrument  Company,  Santa  Fe  Springs,  California 
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Apparatus  for  Measurement  cf  Pvirccy;  gy?!v*!r» 


2*8.1  The  overall  apparatus  for  continuous  measurement  cf  hydrogen  gas 
fros  a  corroding  i-lectrode  has  been  described  in  the  literature  (Sef.  10). 

The  essential  coaponents  of  the  apparatus  are  {a)  a  source  cf  sweeping  gas, 
(b)  a  network  of  valves  for  directing  the  gases,  (c)  a  The  real  Conductivity 
(T-C- )  measuring  device,  and  (d)  a  recording  *illivoltreter  to  give  a 
permanent  record  of  the  output  of  the  measuring  device. 

2.8.2  The  components  used  for  the  work  were  the  same  as  these  described  in 
Ref-  10,  with  the  exception  of  the  recording  aillivol -tester.  A  Brown 
"clectronik*  Ifodel  163,  range  0-10  rv-  D.C.  wac  used  for  the  work  reported 
here.  Shen  the  output  fros  the  T-C.  device  exceeded  10  sv-,  a  10,000  chn^ 
voltage  divider  was  placed  between  the  T-C-  cell  and  the  recorder-  Operation 
of  the  recorder  was  satisfactory  when  so  connected,  ever,  though  working  frea 
an  output  icpedance  considerably  higher  than  recommended,  as  the  rate  of 
change  of  inpjt  voltage  was  low. 


2-8.3  The  conversion  of  hydrogen  evolution  rate  to  electric  current  was 
done  using  the  following  relationship: 

1-00  x  10-2  cc.  H2(at  ST? ) /micro i e/ca2  surface  =  1-03  sa/c*2 

2.9  Electrical  Polarization  Circuitry 


2.9.1  Two  different  circuit  arrar cements  were  used  for  racing  potential 
measurements  during  the  contract  period.  One  was  a  ccchineticn  of  circuits 

(l)  This  was  the  mini  rum  resistance  re~cired  to  give  less  than  loading 
error  when  connected  across  the  cucput  of  the  T-C-  cell  used. 


described  by  Pearson  (Ref.  12}  and  Holler  (Ref.  9),  and  was  used  for 
preliminary  work  with  direct  current  only.  The  second  circuit  was  a  D.C.  - 
A.C.  impedance  bridge,  and  was  used  for  the  greater  part  of  the  work. 


2.9.2  The  Pear  scm-Hc  Her  Bridge 

2.9.2. 1  The  first  c£  these  t.ro  circuits  is  shown  in  Figure  7,  and  is 
essentially  the  same  as  that  shown  in  . igure  3  of  the  proposal.  Rj  was  a 
precision  resistor  variable  from  0  to  10  ohms  in  0.1  ohm  stepsi  «2  was 
2205C  ohms,  1X-.  =3  was  variable  from  JOChC  to  SOCK  ohn=.,  in  1,000  ohm  steps. 
This  arrangement  or  R> ,  R2,  R3  was  chosen  to  facilitate  computation  of  the 
value  of  the  cell  resistance  in  the  fourth  ara  of  the  bridge,  and  to  permit 
close  balance  of  the  bridge  without  having  to  make  precise  adjustments  of 
Hj.  In  Holler’s  original  circuit,  all  bridge  balancing  is  done  using  Rj. 

In  the  present  work,  it  was  found  that  the  cell  resistance  was  so  lew  that 
accurate  adjustment  cf  Rj  increments  of  the  order  of  0.01  ohm  was  necessary; 
thus  caking  concert  resistances  and  lead  resistances  critical.  Instead  of 
this,  Rj  was  set  to  the  nearest  ohm,  and  R3  was  used  for  a  fine  adjustment. 

2.R.2.2  Sliders  rj  and  ?2  together  with  3j  provided  a  variable  voltage 
source,  with  Pj  a  ooarse  and  P2  a  fine  adjustment.  The  resistances  of  Pj 
and  P2  were  100  to  2CC  ohms;  and  thus,  the  total  effective  resistance  of 
arm  CD  was  not  meai.rsbiy  affected  by  the  position  of  the  variable  taps  of 
P.  and  ?2-  The  polarity  shew,  at  ?3  opposed  that  between  the  test  electrode 
and  the  Calomel  reference  cell  In  the  bridge.  Potentiometer  P3  was  a 
precision  measuring  device  used  to  determine  accurately  the  voltage  between 
the  adjustable  tars  of  and  ?2» 
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2-9.2-3  The  d*  ector  was  Initially  a  3rown  "Electronic*  null  detector  in 
series  with  10GX  ohm  resistor.  The  resistor  was  necessary  to  avoid  excessive 
leading  of  the  bridge.  This  combination  gave  a  maximum  sensitivity  of 
0.1  mv.  per  millimeter  scale  deflection,  with  a  zero  stability  of  1  0.0b  mv. 
The  overall  response  time  was  about  l/2  second.  This  device  was  satisfactory 
for  measurement  of  slowly  changing  or  constant  potentials,  but  could  not  be 
used  with  transient  voltages.  For  observation  of  transient  behavior,  an 
oscilloscope  was  used  (Hewlett-Packard  Model  130A). 


2.9.2.4  The  corrosion  cell  itself  is  shewn  schematically  in  Figure  7  connected 
to  terminals  3  and  E,  with  the  test  electrode  connected  to  B.  The  Calomel 
electrode  has  its  solution  junction  terminating  in  the  electrolyte  surrounding 
the  electrodes,  and  the  other  terminal  is  connected  to  the  bridge  at  C. 

Thus,  the  Calomel  electrode  and  its  internal  resistance  (R4)  fora  a  part  of 
the  lower  left  arm  of  the  bridge,  in  series  with  R3.  The  Calomel  electrode 
mast  pass  a  small  current  with  negligible  change  of  potential  in  this  circuit, 
ar.d  so  the  unit  was  especially  constructed  to  have  a  large  mercury  reservoir. 
The  value  of  R4  in  the  unit  used  was  measured  using  an  tC  impedance  bridge, 
ar.d  found  to  be  2<00  ohms,  including  the  capillary  tube.  This  resistance 
was  added  to  that  of  R3,  ?j,  and  P2  to  give  the  totai  resistance  between 
0  and  F. 


2-9. 2.5  The  circuitry  outside  the  bridge  between  terminals  A  and  E  was 
used  to  supply  a  controlled  polarizing  current  to  the  bridge.  Bj  was  a 
90  volt  pack  of  dry  cell  batteries  capable  if  delivering  up  to  300  na.  for 
short  intervals  with  no  more  than  10  volts  interval  drop.  32  is  a  battery 
with  a  voltage  adjustable  to  any  selected  fraction  of  3j.  Resistors 
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and  R7  ware  used  to  prevent  shorting  of  when  switch  S2  is  operated. 

3g  is  a  variable  resistor  used  to  set  Ix  to  any  desired  value.  S»itch 

9 

Sj  disconnects  the  bridge  for  measurements  at  Ix  =  0.  Operation  cf  Switch 
S2  changes  lx  by  seme  selected  amount  at  any  point.  Swi t*~h  S3  is  used  to 
open  the  bridge  circuit.  Knen  S3  was  open,  the  combination  of  Bj,  Pj,  and 
•  P3  vrith  the  Hull  Detector,  comprised  a  pcter.iicssetric  voltmeter  that  was 
used  to  measure  PDj. 

2.9.2.6  The  operation  of  this  circuit  curing  a  run  was  as  follows.  Kith 
switches  Sj  and  S3  open,  the  electrode  was  exposed  until  the  reading  on 
potentiometer  F3  {Detector  at  hull)  was  constant.  The  zero-impressed- 
currert  potential  was  then  read  cn  P3.  Switch  Sj,  was  then  closed  and 
resistor  Rg  was  adjusted  to  pass  the  desired  polarizing  current  through  the 
bridge.  The  potential  at  P3  corresponding  to  a  Null  at  the  Detector  was 
followed  until  const; nt,  then  recorded  as  the  uncompensated  value  of  FDj. 
Switch  83  was  closed  and  Pj  and  P2  adjusted  to  bring  the  detector  close  to 
mid-scale  on  the  nest  sensitive  scale.  The  position  cf  S2  was  changed,  and 
the  deflection  cf  the  Datector  immediately  following  the  change  of  Ix 
noted.  S2  was  returned  to  its  original  position,  and  afte.  the  bridge 
output  was  again  constant,  the  switching  of  $2  was  repeated  a  number  of 
tir.es  between  which  R3  (and  occasionally  Ry)  was  adjusted  for  a  minimum 
initial  deflation  cf  the  Detector.  Kh.en  the  best  positions  of  Rj  and  R3 
had  been  found,  ?|  and  ?2  were  shifted  to  give  a  Null.  The  value  of  PDj_ 
was  then  read  on  F3.  Thus,  two  potential  readings  were  made  at  each  setting 
cf  .‘x* 
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2.9.3  The  D.C.  -  A.C.  Inpedance  Bridge 

2. 9.3.1  The  second  of  the  two  types  of  bridge  circuitry  used  was  a  conbi na¬ 
tion  D.C.  and  A.C.  impedance  bridge  shown  schematically  in  Figure  8. 
Resistors  Rj  and  R2.  and  capacitor  Cj  are  components  of  the  circuit  assumed 
equivalent  to  that  through  which  the  polarizing  current  must  pass  in  the 
test  cell  between  the  tip  of  the  reference  electrode  junction  and  the  metal 
of  the  test  electrode,  i.e. ,  between  J  and  V,  Figure  1.  The  polarization 
cell  is  shown  within  the  dotted  lines  with  the  test  electrode  connected  to 
G,  the  system  ground.  The  corrod:ng  interface  plus  part  of  the  electrolyte 
resistance  comprise  the  am  adjacent  to  the  equivalent  circuit,  while  R4 
plus  part  of  the  electrolyte  resistance  conprise  the  arm  opposite  the 
equivalent  circuit.  Resistance  R^  completes  the  bridge. 

2. 9.3.2  The  values  of  these  components  depended  on  the  area  of  the  test 
electrode.  Two  sets  of  typical  values  are  given  in  Table  I  belcwj 


TABLE 


T 


Typical  Values  for  D.C.  -  A.C.  Bridge 


Component 


Value  For 
Apparent  Area 
of  5  to  10  cm^ 


Value  For 
Apparent  Area 
of  25  to  SO  cn^ 


*3 

*4 


300  -  3000  ohns 
10  -  100  ohms 
20X  -  100K 
500  ohns 
4-40  afd 


100  -  1000  ohms 
5-50  ohns 
2 OK  -  10GX 
100  ohns 
40  afd 
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2. 9.3-3  The  source  of  D.C.  polarizing  current  consisted  of  a  gemaniu*  diode 
rectifier  and  a  two-section  L-C  filter,  operating  frea  the  Isolated  secondary 
winding  of  a  constant  voltage  transformer.  This  supply  operated  frea  115 
volts  A.C.  60  cycles,  and  was  capable  of  delivering  up  to  250  na.  D.C.  at 
ICO  volts  or  above.  The  current  delivered  to  the  bridge  circuit  was  con¬ 
trolled  with  variable  resistor,  Rg.  The  sua  of  resistances  Rg  and  R4  was 
kept  at  least  ICO  tiroes  the  internal  resistance  of  the  polarization  cell  in 
order  to  provide  constant  polarizing  current  independent  of  variations  In 
cell  resistance. 

2. 9. 3. 4  Alternating  current  of  variable  frequency  was  supplied  to  the  bridge 
by  rieans  of  an  audio  signal  generator.  The  output  of  the  generator  was 
connected  directly  to  the  bridge  through  blocking  capacitor  Cj.  The 

a=.pl itude  of  the  A.C.  signal  was  adjusted  by  means  of  the  gain  control  on 
the  generator  chassis.  This  arrangement  permitted  up  to  10  volts  rns.  A.C. 
signal  to  be  applied  to  the  bridge  between  point  P  and  ground  (G). 

2.9. 3.5  An  oscilloscope  was  connected  so  that  its  horizontal  axis  input 
was  connected  to  the  junction  of  R2  and  R3.  Resistors  Rg  and  37  were  found 
useful  to  suppress  a  certain  amount  of  high  frequency  noise  which  otherwise 
decreased  the  accuracy  of  bridge  adjustments.  The  input  inpedance  of  the 
scope  was  1  negohn  cn  each  axis,  so  Rg  and  R7  introduced  only  about  1095 
loss  oi  signal  amplitude- 

2-9. 3. 6  Figure  9  shows  the  arrangement  of  D.C.  potential  recording  and 
indicating  instruments  used  with  the  impedance  bridge.  P2  was  a  recording 
millivoltmeter-potenticaeter  with  full  scale  equal  to  10  nr/.  A  special 

(l)  3rc wn  c£lectronik*,  V.inneapolis-Honeywell  Regulator  Co. 
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input  circuit  was  supplied  by  the  manufacturer  to  present  an  input 
iepedance  of  about  50,00?  ohms,  allowing  the  instrument  to  be  used  in 
relatively  high  resistance  circuits  without  loss  of  sensitivity.  This 
rev-Order  was  used  in  series  with  the  adjustable  bucking  voltage  generated 
by  Bj,  Rj,  Ro,  and  Pj  to  record  variations  in  the  test  electi'&de  potential. 
Potentioneter  F3  was  a  manually  operated  precision  potent iometric  volt- 
aeter  used  to  cake  accurate  neasureaents  after  the  potential  had  become 
constant. 

2.9. 3.7  Operation  of  the  above  circuit  during  a  polarization  run  was  as 
follows.  Kith  switch  S j  open  and  audio  signal  input  at  zero,  the  electrode 
is  exposed  under  test  conditions  until  the  potential  Ppj  was  constant,  as 
indicated  by  the  recording  potentiometer  P2,  Figure  10.  Switch  SSj,  Figure 
10,  was  shifted  tc  Manual,  and  FDj  was  cseasured  using  P3-  To  determine 
resistance  and  capacitance,  the  probe  voltage  from  the  Corrosometer  was 
shut  off,  and  a  50  cycle  A.C.  signal  was  impressed  on  the  bridge  to  give 
20  cv.  peak  to  peak  at  the  oscilloscope-  The  scope  controls  were  set  so 
that  both  horizontal  and  vertical  inputs  were  displayed,  and  at  the  same 
gain.  In  general,  the  pattern  was  an  ellipse  with  its  major  axis  tilted  to 
the  horizontal.  Rj,  R2,  and  R3  were  then  varied  to  reduce  the  pattern  to  a 
single  straight  line  and  tc  set  the  angle  of  tilt  at  45°.  During  these 
adjustments  it  was  found  convenient  to  hold  Cj  constant.  The  frequency  of 
the  A.C.  signal  was  then  changed  to  20  cps.,  the  adjustment  of  3^,  R2  and 
R3  repeated  to  return  the  pattern  to  a  45-°  line,  and  the  values  of  the 
variable  resistors  recorded.  The  above  procedure  was  repeated  at  each 
va’ue  of  Ix  chosen  for  the  run.  Between  each  point  where  A.C.  impedance 


neasure=ents  xere  cade,  the  audio  frequency  signal  was  turned  off  and  the 


potential  and  corrosion  rate  were  treasured  as  desciibed  above. 


2.9. 2. 5  The  following  relationships  were  used  to  calculate  the  values  of 
arc  Ss  froa  the  date  obtained  by  Deans  of  the  bridges 


Rf  = 


(Equation  12} 


Cf  =  C1  •  R3 


(Equation  13} 


Rs 


(Equality  i<*. 


The  values  of  PD p  and  FD^  were  then  calculated  fren  Equation  10  and  Hi 


PDp  =  PDj  ♦  IXRS 


(equation  10*) 


L  ft 


F0l  =  PDj  ♦  Ix  (Rf  ♦  Rs)  (Equation  11*) 
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PART  3.  RESULTS 


3.1  General  Renarks 

3.1.1  During  the  early  stages  of  this  study,  both  the  test  conditions  and 
the  electrical  circuitry  used  to  make  potential  measurements  were  modified 
a  number  of  times  in  order  to  cope  with  the  observed  behavior  of  the 
corroding  surface.  Certain  changes  in  procedure  resulted  in  data  that  was 
somewhat  different  from  that  obtained  previously-  For  this  reason,  the 

data  obtained  during  the  evolution  of  the  final  test  procedures  is  considered 
questionable  and  is  not  presented  here-  Nevertheless,  a  number  of  observa¬ 
tions  made  during  the  early  work  are  of  general  interest  and  are  so  described 
below. 


3.1.2  Initial  experiments  were  carried  out  using  solutions  made  with 
industrial  tap  water.  The  rate  of  throughput  was  lower  than  that  used  for 
later  work,  being  only  25  cc.  per  minute.  fihen  cathodic  current  was  applied 
to  the  electrode  corroding  under  these  conditions,  several  hours  were  required 
to  obtain  a  stable  potential  reading.  The  potential  drifted  slowly  in  the 
anodic  direction  during  this  time  and  the  rate  of  drift  increased  with 
increasing  impressed  current,  finer,  the  electrode  was  removed  from  the 
solution  after  a  run,  3  light  colored  powdery  solid  was  found  adhering 
to  the  surface.  This  proved  to  be  mainly  calcium  carbonate  with  some  mag¬ 
nesium  and  iron  salts.  Increasing  the  flow-rate  from  25  ml.  per  minute  to 
50  to  103  ml.  per  minute  did  not  appreciably  change  the  amount  of  carbonate 
deposited  or  its  effect  on  the  potential.  Lowering  the  pH  of  the  solution 
from  5.5  to  4.5  decreased  the  amount  of  caroonate  somewhat,  tut  the  potential 
behavior  remained  about  the  same.  For  this  reason,  distilled  water  was 
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substituted  for  tap  water  In  the  solution.  Its  further  trouble  froa  this 


source  was  observed. 

3.1.3  The  effect  cf  the  pH  and  the  flow  rate  of  the  solution  ca  the  tine 
required  for  the  potential  to  become  constant  -  after  applying  polarizing 
current  -  was  investigated.  It  was  found  that  the  lower  the  pH  and  the 
higher  the  flow  rate,  the  nore  quickly  the  potential  reached  each  new 
constant  value.  Vuch  of  the  exploratory  work  was  carried  cut  at  pH  5.5 

and  at  a  flow  of  25  at.  per  minute.  These  conditicns  were  changed  to  pH  -5.5 
and  flow  of  IDO  n!-  per  minute  for  all  the  work  done  with  the  D.C.  -  A.  C. 
impedance  bridge- 

3.1.4  Initial  experiments  were  carried  cut  using  the  c eccentric  electrode 
arrangement  (See  Figure  4).  Three  different  materials  were  tried  as  the 
auxiliary  electrode-  A  Type  304  alloy  steel  screen  appeared  to  work 
satisfactorily,  but  was  discontinued  when  it  was  found  that  the  electrical 
resistance  of  the  test  specimen  decreased  rather  than  remaining  constant 
when  sufficient  cathodic  current  was  passed  to  step  all  loss  cf  metal. 

This  behavior  was  interpreted  as  indicating  that  metallic  ions,  dissolved 
off  the  alloy  screen  by  the  anodic  current  there,  were  diffusing  through 
the  porous  divider  and  were  being  reduced  cn  the  test  electrode  surface. 

3.5.5  A  piece  cf  did  steel  shin  stock  was  substituted  as  the  cuter 
electrode.  Ko  obvious  difficulties  were  experienced  with  this  material. 
However,  the  concentration  cf  dissolved  iron  in  both  compartments  cf  the  cell 
was  much  higher  than  desirable  when  both  electrodes  were  mild  steel-  Zt 

was  felt  that  the  high  Iron  concentration  might  lead  to  non-representative 
polarization  behavior,  but  rx  reliable  data  was  cbtai-ed  to  substantiate 
this  due  to  the  difficulties  with  the  bridge  circuit  described  below. 


3.1.6  The  third  material  tried  for  the  auxiliary  electrode  was  platinua 
foil.  Here  the  only  undesirable  by-pmdcct  of  electrode  activity  was 
cxvgen  generated  when  the  platinua  was  cade-  the  anode  in  the  polarization 
cell.  To  minimize  the  possibility  that  dissolved  oxygen  froa  the  anode 
chamber  would  reach  the  central  electrode,  the  test  solution  was  flowed 
rapidly  through  the  annular  space  between  the  porous  cylinder  and  the  outer 
electrode.  In  spite  of  the  precautions  taken,  the  potential  behavior  and 
appearance  of  the  test  electrode  indicated  that  oxygen  was  being  reduced 
daring  cathodic  polarization. 

3.1.7  Frca  these  results,  it  was  concluded  that  the  concentric  electrode 
arrangement  as  originally  set  up  could  not  be  used  for  polarization  studies 
because  of  unavoidable  nixing  of  anode  and  cathode  products  through  the 
porous  ce.rbrane.  Hence,  despite  its  advantages  of  symmetry  and  current 
distribution,  the  concentric  type  cell  was  replaced  by  the  H-shaped  cell 
described  in  Section  2.2.4.  Those  potential  measurements  that  were  wade 
with  the  concentric  arrangement  were  made  using  the  modified  Pearson-Hollsr 
bridge  circuit.  Yne  results  of  this  work  are  described  in  the  following 


t 


(l)  The  effective  Interface  resistance  Rf  was  low,  resulting  In  a  propor¬ 
tionately  low  lxRf  term}  arid  (2)  The  output  of  the  bridge  (at  constant  Ix) 
fluctuated,  due  apparently  to  fluctuations  in  the  potential  difference 
across  the  metal -solution  interface. 


3.2.2  Khen  Ix  is  changed  by  £lx  as  is  done  to  obtain  a  resistive  balance, 
the  error  signal  output  due  to  resistar.ee  unbalance  only  is  given  by^^ 


Ava  = 


AI,  .  A* 


(equation  15) 


where  AR  =  *  Rf)  ”  Rf(R3  ♦  R^),  Figure  7.  The  range  of  Ix  in  the 

region  of  local  cell  corrosion  was  free  0  to  20  sa.#  and  the  resistance 
corresponding  to  R5  ♦  Rf  was  approximately  1  ohm.  Thus,  even  through  the 
resistance  setting  night  have  been  in  error  by  as  much  as  10C3C  (AR  -  1  bias), 
the  error  signal  that  would  have  been  produced  by  a  ICS  change  in  Ix  would 
have  been  a  maximum  of  2  or/.  To  have  achieved  1£&  accuracy  in  resistance 
setting  would  have  required  detection  of  0.2  nv.  Reliable  detection  of 
such  signals  would  have  been  a  matter  only  of  appropriate  instrumentation 
had  it  not  been  for  the  fluctuations  in  bridge  output  mentioned  above.  The 
latter  occurred  in  a  random  manner  with  a  maximum  amplitude  which  was 
proportional  to  Ix-  For  this  reason,  they  were  believed  due  to  fluctuations 
in  the  effective  interface  resistance. 


3.2.3  From  previous  exploratory  wort  it  was  known  that  the  reduced  sired 
potential  {PD^}  ol  steel  under  the  test  conditions  changed  only  slightly 
from  its  zero- imp. essed-current  value  until  the  net  local  anodic  current 
approached  zero.  Thus,  it  was  reasoned,  within  this  region  Ix  Right  be 

(l)  The  expressions  for  error  signals  for  this  bridge  *re  different  frees 

those  for  a  conventions!  theatstcr.s  Bridge,  because  here  Rj  ♦  R5  ♦  R3, 
and  the  bridge  operates  under  constant  current  rather  than  constant  voltage. 
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changed  by  a  relatively  large  ancunt  without  causing  a  significant  shift 


in  the  potential  component  of  the  total  potential  difference,  PDj. 
Accordingly,  the  circuit  was  altered  so  that  operation  cf  S2  produced  a 
change  of  10  ma-  in  Ix  regardless  of  the  base  value  of  I*.  This  procedure 
resulted  in  an  error  signal  due  to  resistive  unbalance  that  was  large 
enough  to  detect  above  the  background.  Hcwever,  another  type  of  inter¬ 
ference  was  introduced  by  the  larger  current  increaent*  lacadlately 
following  the  initial »  instantaneous  change  in  output  due  to  resistance 
imbalance,  an  only  slightly  less  rapid  change  in  output  occurred  which 
continued  for  several  seconds  at  3  rate  which  decreased  with  tine-  This 
behavior  occurred  in  reverse  when  the  original  current  was  resumed.  One 
possible  explanation  far  this  behavior  is  presented  in  the  Discussion. 


3.2.4  Ehen  was  increased  beyond  the  point  where  local  anodic  action- 
stopped,  and  thus,  where  the  surface  behaved  like  a  hydrogen  electrode, 
the  step-change  in  Ix  used  to  balance  the  bridge  was  held  to  a  Eaxinua  of 
10  aa.  regardless  cf  the  value  of  Ix.  As  a  result,  the  er  situs  probable 
error  in  the  reduced  potential  determined  using  this  seethed  was  ♦  4  cv.  in 
tne  region  where  the  potential  changed  very  little  with  a  change  of  Ix, 
and  ♦  20  sv.  where  potential  chanced  considerably  with  applied  current. 
This  order  of  accuracy  was  sufficient  for  rough  survey  work,  but  did  not 
perrit  detection  cf  scall  charges  in  the  potential  or  in  Rf. 
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3.2.5  In  order  to  facilitate  operation  of  the  bridge  txA  the  D-C--shift 
balancing  technique  in  the  presence  of  the  above- nenti aned  transients, 
the  sensitivity  cf  the  detector  was  greatly  reduced  and  the  resistance 
settings  were  made  by  adjusting  the  resistance  at  each  point  to  a  value 
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that  was  half  way  between  settings  that  gave  but  opposite  error 

signals  large  enough  to  be  easily  separated  iron  interference  signals. 

By  this  aeans,  a  number  of  cathodic  runs  were  carried  out  with  the  Pearson- 
Holler  bridge.  Tn  spite  of  these  efforts,  however,  the  data  obtained  was 
of  questionable  reliability,  and  so  it  is  noi  reported.  p 

3.2.6  The  difficulties  encountered  in  the  use  of  the  Pearscn-Holler  bridge 
as  described  in  the  foregoing  sections  led  to  the  development  of  the  D.C.- 
A.C.  impedance  bridge,  by  means  of  which  the  cell  resistances  could  be 
measured  without  having  to  cake  sudden  changes  in  the  polarizing  current. 

In  addition,  the  H-shaped  test  chamber  was  substituted  for  the  concentric 
chamber  at  about  the  same  time  the  new  bridge  circuit  was  put  In  use. 
Section  2.3  describes  these  units  and  discusses  the  relative  merits  of  the 
.jo  chambers. 

3.2.7  Ho  anode  -  cathode  mixing  or  other  interfc-rrir.g  phenomenon  appeared 
to  take  place  in  the  H-cell.  Following  immersion  of  an  electrode  with  a 
freshly -sandblasted  surface  in  the  test  solution,  the  potential  coved  in 
the  anodic  direction  {increasingly  negative)  for  10  to  15  slnutes,  reached 
a  maxima  anodic  value,  then  began  to  cove  in  the  cathodic  direction  for 

a  period  which  varied  From  30  minutes  to  2  vours.  The  rate  of  drift  was 
in  the  range  of  10  to  15  rr/.  per  hour.  This  behavior  occurred  ever/  ti*e 
and  was  generally  reprcduceable  except  for  the  time  factor.  If  time  was 
not  allowed  at  the  beginning  for  the  zero- Depressed-current  potential  to 
reach  its  most  cathodic  point,  all  subsequently  measured  potentials  were 
found  to  drift  for  a  considerable  tia.e  in  the  cathodic  direction.  During 
cathodic  runs,  the  direction  of  this  drift  was  opposed  to  that  of  the 
shift  from  the  rain  effect  of  current  on  the  interface,  and  the  net  result 
was  confusing  and  misleading. 
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3.2.8  Careful  observation  *  -4,rect  potential  (PDp)  in  the  presence 
of  lapressed  current  shewed  '.e  follcwlng.  After  the  impressed  current 
increased  froa  one  value  to  another,  there  was  always  a  period  following 
the  Initial  rapid  change  of  potential,  during  which  the  potential  changed 
relatively  slowly  before  beccaing  constant.  This  period  lasted  only  about 
30  seconds  or  less  in  cost  experiments.  During  cathodic  polarization,  the 
drift  was  in  the  anodic  direction  when  Ix  was  less  than  that  required  to 
stop  local  cell  action,  and  in  the  opposite  or  cathodic  direction  when 
Ix  was  greater  than  this  value.  During  anodic  polarization,  the  direction 
cf  the  drift  was  toward  sore  anodic  v-Vues  throughout  the  range  of  Ix 
tested.  This  behavior  is  due  to  chances  in  the  interface  resistance. 

3.3  Results  Using  the  D.C.  -  A.C.  Impedance  Bridge 

3.3.1  The  operation  of  the  impedance  bridge  for  the  measurement  of  Interface 
resistance  and  capacitance  is  described  in  Section  2-9.3.  The  circuit  is 
shewn  in  Figure  8.  Kith  the  oscilloscope  used,  the  besr  combination  of 
signal-to-noise  ratio  and  precision  of  bridge  balance  was  obtained  by  setting 
the  gain  of  each  input  channel  to  the  "2  rev.  per  cm."  position  and  generating 
an  input  signal  of  16  and  20  mv.  peak  to  peak  at  each  channel.  This  voltage 
is  measured  between  the  tip  of  the  reference  electrode  capillary  and  the 
test  electrode,  and  thus  almost  ail  of  it  appears  across  the  interface 
resistance. 

3.3.2  Tests  were  cade  to  determine  whether  the  impressed  alternating  voltage 
would  have  sr.y  undesirable  affect  on  the  interface-  Ho  change  in  any  of 

the  measureablc  '■'■^perties  of  the  interface  was  detected  after  exposure 
of  an  uninhibited  surface  to  20  mv.  at  ICO  cps.  and  at  20  cps.  for  periods 
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up  to  30  minutes*  The  impressed  voltage  was  gradually  increased  at  20  cps 
until  at  around  100  nv.  the  direct  mixed  potential  began  to  move  In  the 
anodic  direction.  Khen  the  A.C.  voltage  was  reduced  to  below  50  ev., 
the  potential  rapidly  resumed  its  original  value.  The  corrosion  rate  was 
not  measured  during  this  test.  From  the  results  obtained  it  was  concluded 
that  20  nv.  A.C.  across  the  interface  would  not  noticeably  alter  the 
resistance,  capacitance,  or  electrode  potential. 

3.3.3  A  considerable  number  of  cathodic  polarization  runs  were  made  on 
uninhibited  electrodes  using  the  D.C.  -  A.C.  bridge.  Multiple  runs  were 
found  necessary  to  develop  the  technique  of  operating  the  bridge,  and  to 
obtain  sufficient  data  to  Indicate  the  reprcducesbility  of  results.  Some¬ 
what  better  results  were  obtained  by  Polarization  Procedure  A  (Section  2.6.3), 
in  which  the  impressed  current  was  returned  to  zero  between  each  measurement, 
than  were  obtained  using  Polarization  Procedure  3.  However,  Procedure  A 

was  much  core  time  consuming,  especially  when  the  potential  drifted  after 
changes  in  1^ 

3.3.4  Table  II  presents  the  data  from  a  typical  cathodic  run  on  an  uninhibited 
surface  using  Polarization  Procedure  A.  A  plot  of  these  data  is  shown  in 
Figure  10.  The  horizontal  axis  of  this  diagram,  and  of  all  other  mixed 
potential  polarization  diagrams  presented  here,  is  laid  off  in  units  of 

the  logarithm  of  the  apparent  density  of  impressed  current.  The  semi-leg 
presentation  is  used  to  shew  the  behavior  of  the  potentials  clearly  over  a 
wider  range  of  impressed  current  than  would  be  possible  using  a  linear 


current  scale. 
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DATA  F3C*  A  TYPICAL  CATHODIC  POLARIZATIGK  SI* 


Apparent 
Current  Density 

Ix  (na/c=£) 

PDp 

v.  vs.  SCE* 

aidfcz? 

Corrosion 

Rate 

odd** 

0.0 

-0.722 

1320 

9.2 

2550 

0.412 

-0.726 

1230 

10.2 

2120 

0.825 

-0.732 

1220 

12.2 

1710 

1.28 

-0.740 

1160 

14.8 

1220 

1.66 

-0.755 

1080 

20.3 

840 

2.  OS 

-0.787 

980 

28.3 

435 

2-47 

-0.8S2 

940 

30.1 

0 

3.00 

-0.957 

840 

23.9 

- 

3.50 

-0.9% 

860 

24.5 

- 

4.12 

-1.041 

860 

21.5 

- 

5.15 

-1.073 

860 

16.8 

- 

6.40 

-1.103 

900 

13.0 

- 

7.20 

-1-119 

920 

11.0 

- 

8.25 

-1.135 

920 

10.0 

- 

** 


mill! oxers  per  square  dec ins ter  per  day 


The  sign  cf  all  potentials  in  this  report  is  governed  by  the  convention 
which  na'<es  the  s.andard  oetallic  zir.c  electrode  potential  negative. 


3.3.5  The  tens  "apparent  current  density"  is  defined  as  the  total  current 
aivided  by  the  total  apparent  area  receiving  that  current.  Unless 
specifically  stated  otherwise,  all  current  densities,  either  of  Impressed 
current  cr  of  local  cell  current,  used  in  this  report  will  be  apparent 
densities  as  defined.  These  values  are  designated  by  placing  a  horizontal 
bar  over  the  syribol  for  the  desired  current.  In  a  like  manner,  any  other 
quantity  that  relates  to  a  unit  of  apparent  area  {one  square  centimeter) 
is  shown  with  a  bar  over  the  usual  symbol. 

3.3.6  For  purposes  of  comparison,  a  plot  of  results  from  a  representative 

run  made  on  an  uninhibited  surface  using  Polarization  Procedure  B  (Section  2.6. 
is  shown  in  Figure  11.  The  tabulation  of  actual  measured  values  corresponding 
to  these  curves  is  oaitted,  inasmuch  as  the  exact  values  are  not  significant 
in  view  of  the  variation  observed  from  one  run  to  another. 

3.3.7  The  shape  of  the  curves  in  Figures  10  and  11  are  seen  to  be  quite 
similar.  The  following  observations  may  be  nade  about  both. 

{ 1 )  PD^  constant  at  its  zero-icpressed-current  value  until  Ix 
approaches  the  point  where  iA  =  0. 

(2)  PDj_  and  POp  change  cost  rapidly  at  or  very  near  the  point 
where  IA  =  0.  A  point  of  inflection  in  both  curves  occurs  where 
iA  =  0. 

(3)  The  curve  for  FDj_  is  not  a  straight  line  on  the  seal -Tog 
plot  in  the  region  where  the  surface  is  presumably  entirely 
cathodic.  The  deviation  froa  the  straight  line  drawn  tangent 

to  the  curve  at  the  point  of  inflection  is  in  the  direction  of  too 
saall  a  change  of  potential  with  Increasing  Ix. 
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(4)  The  interface  resistance  Rf  passes  through  a  eaxlauu  at  or 
near  where  1^  =  0. 

(5)  The  interface  capacitance  Cf  decreases  slowly  at  low  1^, 
then  sore  rapidly  to  a  broad  siniauja  at  values  of  Ix  slightly 
greater  than  that  required  to  reduce  to  zero. 

3.3.8  The  portion  of  the  curves  of  Figure's  10A  and  llA  used  to  construct 
the  local  anodic  polarization  curves  lies  to  the  left  of  the  dotted  vertical 
line  carted  i^  =  0.  The  values  for  local  anodic  current  In  this  region 
were  calculated  fros  the  rate  of  natal  loss  measured  at  different  points 
along  the  curve.  To  obtain  data  that  would  be  of  assistance  in  the 
estimation  of  local  anode  currents  when  i-->r  scoe  reason  the  corrosion 

rate  could  not  be  measured  directly  during  a  potential  run,  several  addi¬ 
tional  experiments  were  carried  cut  in  which  only  currents  and  corrosion 
rates  were  measured.  It  was  hoped  that  some  general  relationship  between 
iA  and  Ix  would  be  found.  The  data  from  the  best  two  cf  these  runs  Is 
shown  in  Table  III.  Note  that  the  ratio  of  (Ix)i*pO  to  (1a)ix=0  1.75 

in  Run  No.  1  and  1.43  in  Run  So.  2-  This  ratio  is  2.5  from  the  data  of 
labie  II. (figure  10)  and  1-9  frtss  the  data  of  Figure  11.  The  re 3 son 
for  this  variation,  and  its  significance,  are  not  known  at  this  time. 

Certain  possible  contributing  factors  are  discussed  in  Part  4. 

3.3.9  The  data  of  Table  III  is  presented  in  graphical  fora  In  Figure  12. 
Data  for  iA  is  plotted  as  a  fraction  cf  its  value  at  Ix  =  0,  whereas  data 
for  lx  is  plotted  as  a  fraction  of  its  value  at  iA  =  0.  In  this  way  the 
figure  is  made  useful  with  any  values  of  (iAHx=o  ar-&  {lx)fA=o. 


3.3.10  Local  anode  polarization  curves  derived  frca  the  data  of  Figures 


10  and  11  are  shown  in  Figures  13  and  14,  respectively.  Both  PDp  and 
are  plotted,  the  latter  being  shown  as  a  dotted  line.  The  scale 
for  i^  in  these  diagrams  was  cade  linear  instead  of  logarlthnlc  for 
two  reasons*  (l)  The  linear  scale  is  proportional  to  the  (average) 
corrosion  rate  on  the  surface*  and  (2)  The  point  at  i^  =  0  can  be  shown 
on  the  linear  scale  but  not  on  a  log  scale.  These  curves  are  discussed 
core  fully  in  Part  4. 


TABLE  III 

LOCAL  ANODIC  CURRENT  DATA 

Impressed  Current,  Ix 
ca/cs2  %  of  (lx)jA=o 


Corrosion  Sate 
®dd 


Local  Anode  Current,  1 
ca/cs2  %  of  nax. 


3.4.1  Anodic  polarization  of  uninhibited  specimens  resulted  in  a  potential 
behavior  considerably  different  from  that  noted  during  cathodic  runs.  The 
potential  usually  required  only  a  fe*  ninutes  to  beccme  constant  after 
each  new  value  of  Ix  was  applied.  On  the  other  hand,  if  and  when  Xz  was 
shut  off  between  weasureaents,  the  Ix  =  0  potential  was  foand  to  have 
shifted  in  the  anodic  direction,  frow  which  It  recovered  only  slowly  in  the 
absence  of  impressed  current. 

3.4.2  Data  froea  a  typical  anodic  polarization  run  using  continuous  applica¬ 
tion  of  anodic  polarizing  current  is  shown  in  Table  IV.  The  curves  are 
shonn  in  Flyura  15.  The  following  points  way  be  made  about  these  data* 

Cl)  There  was  little  if  ar.y  region  cf  Ix  wherein  was  constant, 
although  the  Tate  of  change  was  very  snail  below  Ix  =  2  sa/sq.  ca. 

(2)  Both  FDj_  and  FDp  change  gradually  ever  a  broad  range  of 
Ix(lx  =  4  to  40  ea/sq.  esu)  below  that  which  was  necessary  to 
reduce  i^  to  zero.  This  is  in  contrast  to  the  relatively  sharp 
break  in  FD^  near  =  0  on  the  cathodic  polarization  curve 
(e.g..  Figure  10). 

(3)  Ko  linear  portion  of  the  data  is  to  be  expected  in  Figure  15A, 
Inasmuch  as  scee  local  cathodic  activity  is  present  throughout  the 
range  of  Ix  shown. 

(4)  The  oagnitude  of  Ix  required  to  reduce  Iq  significantly  is 
Esjch  greater  than  that  required  to  reduce  i A  to  zero  during 
cathodic  polarization.  ' 


(5)  The  Interface  resistance  decreased  throughout  the  range 
of  Ix  sham.  Tne  interface  capacitance  Increased  very  slowly 
below  ix  =  2  ra/cffl2  ,  then  rapidly  at  higher  current  density. 

ms.  it 

ANODIC  POLARIZATION  DATA  -  UNINHIBITED  SURFACE 


Apparent 
Current  Density 

Ix  (nsa/cn2) 

PDp 

(nv.) 

(nifd/cs2) 

(ohc^ca^) 

(ohrn^cn^) 

2.04 

-686 

840 

1.8 

7.0 

4.15 

-656 

920 

1.8 

4.6 

6.17 

-632 

1060 

1.8 

4.0 

10.6 

-599 

1240 

1.7 

2.9 

24.0 

-544 

- 

- 

- 

40.8 

-505 

- 

- 

- 

3.4.3  An  emperical  relationship  found  between  1q  and  Ix  is  shown  in 
Figure  16-  The  values  of  ij.  were  calculated  free  hydrogen  evolution  data 
as  described  in  Section  2.S.3.  The  values  for  cay  be  seen  to  fora  a 
straight  line  when  plotted  against  log  Ix.  A  fractional  scale  is  used 
for  each  axis  to  facilitate  use  of  the  chart  with  any  values  of  (i^aax 

and  {IX>I (fO. 

3.4.4  The  value  of  (lx  ij  =q  was  determined  only  indirectly.  This  was 

0 

necessary  because  of  the  excessively  large  amount  of  current  required  to 
reach  the  point  where  ic  =  0.  Current  densitites  up  to  40  na/sq.  ca. 
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were  applied,  but  resulted  In  less  than  lb%  reduction  of  local  cathodic 
current.  To  have  been  able  to  apj’y  higher  current  densities  would  have 
required  considerable  acidification  of  the  apparatus.  Instead,  the  data 
up  to  I„  =  40  na/sq.  ca.  was  plotted  on  seal-log  paper,  and  the  points 
appeared  to  fall  close  to  a  straight  line.  The  value  of  Ix  necessary  to 
reduce  ij»  to  zero,  i.e.,  (lx)i£=o>  was  ta<en  as  the  Iq  =  0  axis  intercept 
assuaing  that  the  log  relation  continued  to  hold.  This  intercept  occurred 
at  approximately  Ix  =  150  na/sq.  ca.  for  the  conditions  under  which  Figure 
15  applies. 

3-4.5  The  range  of  values  found  for  the  value  of  ic  when 

Ix  =  0)  was  frcn  0.9  to  1.2  na/sq.  as.  for  several  different  runs.  Ihus, 
the  ratio  of  *°  ^C^nax  was  *n  tlse  ran9e  froa  *20  to  170  for  this 

electrode  system  This  ratio  Is  very  such  greater  than  the  ratio  of 
(Ix)ja=0  to  (iA)j  rQ  found  for  cathodic  polarization  behavior.  The 
significance  of  this  large  ratio  is  discussed  in  Part  4. 

3.4.6  The  esxlisated  value  of  150  na/sq.  ca.  for  lies  well  beyond 

the  highest  value  Ix  shewn  in  Figure  I5A.  Thus,  the  potentials  corresponding 
Ix  from  40  to  150  ca/ sq.  ca.  were  not  measured.  Instead,  the  curve  for  FD^ 
was  extended  at  constant  curvature  to  the  point  where  Ix  =  100  na/sq.  cn. 
then  with  increasing  curvature  to  Ix  =  250  ca/ sq.  ca.  The  curvature  was 
assumed  to  increase  in  this  latter  regicn  near  where  i~  =  0  by  analogy  to 
the  behavior  of  PD^  near  =  0  as  shown  in  Figure  11A. 

3.4.7  The  resulting  local  cathodic  polarization  curve  is  shown  in  Figure  17. 
It  nay  be  seen  that  the  experimentally  seasured  potentials  lie  on  a  ssooth 
curve  when  plotted  cn  a  linear  ij-  scale-  The  portion  of  the  curve  for 

PDp  derived  free  esticated  data  Is  shown  dotted.  The  curve  for  PDj_  is 
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quite  similar  to  that  for  PDp,  and  does  not  exhibit  any  characteristic* 
not  shown  by  that  for  PDp.  The  region  of  maximum  uncertainty  lies  within 
the  first  109>  of  the  range  of  ij-,  and  thus,  does  net  seriously  affect  th* 
shape  and  position  of  the  curves  as  a  whole.  The  uncertainty  in  this 
region  does  affect  the  1q  =  0  axis  intercept,  however.  This  Intercept 
is  seen  to  occur  somewhere  between  -300  and  -350  nv.  vs.  S.C.E.  for  PDp. 

3.5  Polarization  Measurements  cn  Inhibited  Surfaces 

3.5.1  The  general  procedure  used  for  polarization  runs  ir.  the  presence  of 
corrosion  inhibitors  is  described  in  Section  2.6.4.  Data  reported  applies 
to  measurements  made  during  continuous  treatment  with  each  inhibitor. 
Originally,  it  was  planned  to  mate  the  measurements  on  the  films  resulting 
from  the  action  of  inhibitors  after  the  chemicals  in  solution  had  been 
flushed  from  the  chamber.  It  was  found,  however,  that  as  soon  as  continuous 
injection  of  cerlain  of  the  inhibitors  tested  was  stopped,  the  potential  and 
the  corrosion  rate  began  to  drift  in  the  direction  corresponding  to  the 
uninhibited  state.  Kith  certain  types  cf  inhibitors  the  drift  was  small 
and  the  potential  and  corrosion  rate  soan  became  stable  again;  with  other 
types  the  drifts  continued  indefinitely.  Similar  drifts  were  encountered 
when  attempts  were  made  to  make  measurements  on  surfaces  only  partially 
covered  with  an  inhibitor  film.  A  number  of  runs  were  carried  out  by 
adjusting  the  concentration  of  inhibitor  during  the  injection  period  so 
that  the  corrosion  rate  levelled  off  at  from  25  to  7535  of  its  original 
value.  It  was  found  that  under  these  conditions  the  potential  (no  applied 
current)  continued  to  change  in  the  cathodic  direction,  i.e. ,  that  corres¬ 
ponding  to  a  greater  degree  of  inhibition  even  though  the  measured  corrosion 


rate  appeared  to  be  constant.  Prolonged  observation  showed  that  the 
corrosion  rate  was  decreasing  slowly.  It  was  very  difficult  to  produce 
a  truly  constant  state  at  any  degree  of  inhibition  between  2ero  and 
whatever  maxlcum  effectiveness  was  characteristic  of  the  concentration 
of  inhibitor  tested. 

3.5.2  Data  Tor  construction  of  mixed  potential  curves,  i.e.,  Ix  and 

PDp  were  determined  during  inhibited  runs  using  the  same  technique  that 

* 

was  used  during  uninhibited  runs.  Unfortunately,  however,  the  dependence 

of  i  (or  ir-)  on  1  ,  required  to  convert  mixed  potential  data  to  local 
A  * 

cell  polarization  data,  could  not  be  determined  with  any  useable  degree  of 
accuracy  during  runs  where  effective  inhibitors  were  used.  This  was 
because  of  the  very  low  corrosion  rates  involved  and  the  limited  time 
that  could  be  spent  at  each  data  r.oint.  Despite  the  great  sensitivity  of 
the  recording  Corroscmeier  used  to  measure  corrosion  rates  (resolution* 

0.1  microinch),  the  total  uncertainty  in  this  type  of  measurement  was  such 
that,  at  corrosion  rates  of  less  than  1.0  microinch,  at  least  one  hour 
under  constant  conditions  was  required  before  one  could  say  with  certainty 
that  the  rate  was  constant,  and  before  a  precise  measurement  of  the  rate 
could  be  determined  from  the  chart  record. 

3.5.3  As  described  below,  the  application  of  impressed  curre  o  surfaces 
fcearir.c  inhibitor  films  produced  certain  irreversible  effects  which  varied 
with  tine;  these  effects  were  especially  severe  during  anodic  polarization. 
Thus,  it  ».s  felt  that  exposure  to  polarizing  current  for  periods  of  one 
hour  or  longer  would  not  necessarily  produce  a  constant  corrosion  rate  at  the 
end  of  that  time.  Furthermore,  the  potential  and  corrosion  rate  after  long 


periods  of  tine  say  not  bear  any  direct  relation  to  the  condition  of  the 
surface  as  it  existed  before  the  waiting  period.  Therefore,  every  attempt 
was  made  to  measure  the  potential  as  soon  as  possible  after  applying  the 
external  current,  waiting  only  for  any  rapid  changes  in  potential  following 
changes  in  Ix  to  subside. 


3.5.4  r-  order  that  the  mixed  potential  data  for  each  inhibitor  might  be 
transformed  into  the  desired  local  cell  polarization  data,  a  relationship 
between  i A  or  i^.  and  lx  during  polarization  of  the  inhibited  surface  was 
estimated,  as  fellows.  For  cathodic  polarization.  It  was  assumed  that  1^ 
varied  linearly  with  Ix  in  the  same  manner  as  for  the  uninhibited  surface 


as  shown  in  Figure  12.  For  anodic  polarization,  it  was  assumed  that  i<- 
varied  linearly  with  log  Ix  as  shown  in  Figure  16. '  In  either  case,  the 
value  of  or  (iQ)nax  used  was  that  calculated  from  the  inhibited 


corrosion  rate  uhen  Ix  =  0.  Values  for  (^x')i^q  were  difficult  to  measure 
directly  with  any  accuracy  during  the  runs  because  of  the  contingent 


difficulty  in  determining  the  exact  point  when  iA  or  ij-  was  equal  to  zero. 
Khen  no  other  data  was  available,  {lxHA=0  the  inj!ibited  state  w<,s 
approximated  by  assuming  that  it  was  equal  to  twice  {i^)Eax,  as  found  for 
the  uninhibited  surface.  In  a  like  manner  (lx)iA=0  was  approximated  by 
assuming  that  it  was  equal  to  100  (i^aa*.  0°°®  these  values  had  been 
calculated.  Figures  12  and  16  were  used  to  determine  intermediate  points 


as  desired. 
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3.5.5  Two  different  ways  of  presenting  Inc a!  cell  polarization  dlacraxs 
for  Inhibitors  are  usc-d.  One  is  a  plot  of  polarized  local  half-cell 
potentials  vs.  local  cell  current.  This  type  is  shown  In  Figure  21.  Here 
the  curve,  for  all  four  of  the  inhibitors  for  which  complete  curves  were 
available  are  superimposed  in  order  to  permit  a  direct  comparison  to  be 
-nade  between  the  slopes  and  positions  of  anode  and  cathode  lines.  The  other 
type  of  local  cell  diagram,  shown  in  Figures  22  through  25,  presents  the 
potential  data  for  each  inhibitor  separately  as  a  function  of  the  applicable 
percentage  of  the  maximum  local  cell  current  (that  which  flowed  in  the  absence 
of  applied  current)  observed  for  that  inhibitor.  Thus,  in  this  latter  type 

of  diagram,  the  intersection  of  the  anodic  and  cathodic  curves  is  always  the 
same  distance  (100  percentage  units)  from  the  vertical  axis,  regardless  of 
the  actual  value  of  the  current  at  this  point. 

3.3.6  Runs  Involving  corrosion  inhibitors  were  characterized  by  potentials 
that  were  often  markedly  non-reproduceable,  in  spite  of  all  attempts  tc 
repeat  experiments  under  identical  conditions.  For  this  reason,  at  least 
three  runs  were  made  under  any  given  set  of  conditions,  and  the  best  set  of 
data  was  selected  as  being  representative.  The  potential  behavior  was  often 
so  different  from  one  run  to  rhe  next  that  no  statistical  grouping  or 
averaging  could  be  applied  to  improve  the  data. 

3.5.7  The  inhiblt''rs  tested  in  this  study  included  only  those  that  were 
either  completely  soluble  cr  easily  dispersible  in  3?>  sodium  chloride  solution 
a*  concentrations  up  to  several  hundred  ppm.  The  soluble  members  included 
sodium  chromate,  sodium  ferrocyunide,  sodium  arsenite,  and  acetic  acid  salts 
of  certain  long- chain  amines  in  alcohol  solutic  ..  The  dispersible  mergers 
consisted  of  solutions  of  long-chain  amine  salts  in  bydrccarbo;  solvents, 

and  a  thiourea-formaldehyde  condensation  product.  )io  attesot  was  cade  to 
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compare  the  various  inhibitors  on  any  ecual  weight  or  concentration  basis* 
Bather,  the  concentration  used  was  usually  adjusted  as  found  necessary 
to  produce  a  ssiniaua  of  S5X  inhibition  in  a  reasonably  short  tice-  Thus, 
whatever  cccpariscn  night  be  cade  would  be  at  about  the  sacs  degree  of 
inhibition  for  each. 

3.5.3  Results  with  Sodium  Gsrcoate 

3.5.8. 1  Scdiun  chromate  has  a  reputation  of  being  an  “anodic*  inhibitor 
when  used  in  neutral  or. alkaline  cedi  a  in  the  presence  of  oxygen.  An 
“anodic*  inhibitor  is  one  which  produces  its  effect  by  causing  the  local 
anodes  to  be  polarized  core  strongly  than  local  cathodes,  thus  bringing 
the  corrosion  process  under  ancdic  control-  There  is  available  almost  no 
information  on  the  use  of  chromate  as  an  inhioiV.r  in  acid  solutions.  It 
is  clear  that  in  strong  acids  chromate  is  an  accelerator  and  not  an 
inhibitor  (Ref.  27).  In  weak  acids  {pH  £  to  6)  inhibition  cay  be  observed 
under  certain  conditions.  Tests  were  therefore  cade  using  sodium  chromate 
in  an  attempt  to  shed  core  light  on  the  mechanism  of  inhibition  in  acid  solu¬ 
tion. 


3. 5. 3.2  Initial  testing  was  begun  at  50  ppa  sodiua  chromate  in  •»  solution 
buffered  at  pH  5.5.  The  initi-. '  effect  was  a  three-fold  increase  in  the 
corrosion  rate,  accompanied  by  a  shift  of  potential  in  the  cathodic  direction 
After  injection  at  50  ppm  had  been  continued  for  one  hour,  during  which  tine 
little  change  In  the  accelerated  rate  was  observed,  the  concentration  was 
increased  to  100  ppc.  There  was  no  imediate  change  in  the  corrosion  rate. 


bvt  after  about  30  nlnutes  the  rate  began  to  decrease  slowly.  After  about 


four  hours  the  rate  had  decreased  to  15JC  of  its  original  value,  and  had 
begun  to  level  off*  At  this  point,  the  interface  resistance,  interface 
capacitance,  and  nixed  potential  were  measured.  flepresentative  data  froe 
one  such  run  are  given  in  Table  V. 

3. 5. 8.3  Ahen  a  cathodic  polarizing  current  of  1C-^  na/sq.  cn.  was  applied 
to  the  inhibited  surface,  the  potential  underwent  a  rapid  shift  in  the  anodic 
direction,  then  drifted  slowly  toward  more  negative  (sore  anodic)  values  over 
a  long  period  of  ti-i-e.  Jften  the  polarizing  current  was  shut  off,  the  poten- 
tial  chanced  only  very  slowly  toward  its  original  value.  This  behavior 
indicated  that  the  impressed  current  was  causing  essentially  irreversible 
changes  at  the  surface  that  were  not  related  to  the  properties  of  the  surface 
at  the  tine  the  current  was  applied.  Hepea.ed  attempts  to  obtain  stable 
potential  readings  in  the  presence  of  polarizing  current  were  not  successful. 
For  this  reason  it  was  decided  tc  discontinue  the  investigation  of  sodium 
chromate  in  order  to  devote  core  tine  to  inhibitors  that  night  give  core 
straightforward  results- 

3.5.9  Hesults  with  Sodium  Ferrocyanide 

3.5.9. 1  Sodium  ferrocyanide  was  tested  as  an  example  cf  an  inhibitor  which 
presumably  functions  by  forming  an  insoluble  compound  by  reaction  with  iron 
or  ferrous  ion  at  the  metal-solution  interface.  Concentrations  up  to  50  ppe, 
calculated  as  the  anhydrous  salt,  Na4Fe(Dl)^,  caused  only  a  small  decrease 
in  the  corrosion  rate  in  a  4  hour  period  under  the  test  conditions.  A 
concentration  of  200  was  necessary  to  reduce  the  corrosion  rate  rapidly, 
and  resulted  in  90-9555  iiihibiticn  within  4  hours.  The  surface  cf  the 
electrode  was  blue  at  this  point.  Interface  resistance,  capacitance,  and 
potential  data  for  one  typical  run  are  given  in  Table  V. 
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3-5.9. 2  Cathodic  polarization  was  begun  by  using  a  test  current  cf  0.05 
na/sq.  cc.  to  check  the  general  reaction  of  the  interface.  Isreediately 
following  the  application  of  current,  a  shift  cf  potential  to  a  core  anodic 
value  and  a  decrease  in  corrosion  rate  took  place  as  expected-  Following 
these  initial  changes,  the  potential  continued  to  rcve  toward  more  anodic 
(increasingly  negative)  values  and  the  corrosion  rate  continued  to  decrease 
as  long  as  the  polarizing  current  was  flowing.  These  drifts  were  followed 
for  about  one  hour,  during  which  there  was  no  iniica'icn  that  conditions 
would  become  stable.  At  the  end  of  this  tine,  the  repressed  current  was 
shut  off,  whereupon  the  coirosion  rate  remained  fairly  constant  at  the 
sane  value  as  in  the  presence  of  impressed  current,  which  was  about  25  to  20% 
lower  than  the  rate  before  current  was  applied.  It  was  evident  that  the 
polarizing  current  had  caused  relatively  large  charges  in  the  interface, 
thus  making  the  desired  polarization  measurements  difficult  to  cake. 

3.5. V. 3  The  results  of  several  additional  cathodic  runs  *:th  sodium  ferro- 
cyanide  were  essentially  the  same  as  those  described  ah  re.  Because  of 
this  unstable  behavior,  an  attempt  was  cade  to  measure  the  potential  at 
only  one  point  c-n  the  curve:  that  where  Ix  is  just  sufficient  to  reduce  i^ 
to  zero.  The  required  value  of  Ix  was  estimated  as  being  twice  the  inhibited 
local  cell  corrosion  current.  This  amount  of  current  was  applied  and  the 
new  potential  was  aeasured  as  soon  as  possible  thereafter.  During  the  tine 
required  for  the  measuring  circuit  to  be  adjusted  to  measure  the  polarized 
potential,  which  was  about  10  seconds,  a  shift  of  57  rv.  had  taken  place. 

The  potential  was  continuing  to  change  at  a  rcte  cf  2  to  3  cv.  per  cinute 
at  this  point.  The  applied  current  was  maintained  fer  20  Canutes,  which 
was  long  enough  to  permit  s  reliable  measurement  cf  the  corrosion  rate. 


This  proved  to  be  essentially  zero.  During  the  20  minute  period  the 
potential  changed  by  an  additional  17  mv. ,  so  that  the  total  was  74  av. 

It  appears  that  the  difference  in  potential  between  the  point  where 
Ix  =  0  and  that  where  i^  =  0  probably  lies  somewhere  between  60  and  85  rsv. 
Because  of  the  lack  of  data,  no  mixed  potential  cathodic  polarization  curve 
is  shown  for  this  inhibitor. 

3.5.9.4  A  limited  effort  was  cade  to  obtain  anodic  polarization  data  for 
scdiun  ferrccyanlde.  A  concentration  of  200  ppo  was  injected  to  reduce 
the  corrosion  rate  rapidly.  After  three  hours  the  rate  was  15%  of  the 
original.  The  injected  concentration  was  reduced  to  100  ppn  and  anodic 
current  was  icprassed  at  0.1  ma/sg.  cm.  After  an  immediate  shift  of  the 
potential  in  the  cathodic  direction,  there  was  a  relatively  rapid  drift 
in  the  anodic  direction.  This  was  accompanied  by  a  rapid  decrease  in  the 
interface  resistance  and  an  increase  I:,  the  local  cell  corrosion  rate. 

When  Ix  was  shut  off,  the  potential  remained  more  anodic  than  before  Ix 
had  been  applied,  and  the  local  cell  corrosion  rate  remained  higher  than 
before.  Each  cf  these  then  slowly  changed  toward  their  original  values  as 
the  inhibitor  was  again  adsorbed  on  areas  from  which  it  had  been  removed. 

An  idea  of  the  speed  with  which  the  interface  was  altered  by  anodic  impressed 
current  was  obtained  by  repeating  the  above  experiment  with  the  interface 
resistance  and  capacitance  instruments  in  continuous  operation.  Kith  no 
impressed  current  flowing,  the  bridge  circuit  (Section  2.9.3)  was  adjusted 
to  give  a  single  straight  line  on  the  oscilloscope.  The  polarizing  current 
was  then  switched  on  while  observing  the  scope  display.  Immediately  upon 
application  of  impressed  current  the  line  on  the  CRT  face  began  to  open 
up  into  an  ellipse.  Rapid  readjustment  of  the  bridge  components  to  measure 
the  rex  interface  values  indicated  that  a  10  to  \5%  decrease  of  Hr,  and  a 


corresponding  increase  in  Cx,  had  occurred  during  the  first  5  tc  10  seconds 
after  the  polarizing  current  was  applied.  Khen  this  current  was  shut  off, 
there  was  no  iaoediate  change  an  the  CHT  screen,  showing  that  a  change  in 
the  interface  had  been  produced  which  persisted  after  current  no  longer 
flowed. 

3.5. 9.5  r ^cause  of  this  tyre  cf  instability  no  attempt  was  cade  to  deter¬ 
mine  a  c Deplete  anodic  polarization  curve  for  sodiua  ferroeyanide.  Instead, 
the  potential  was  measured  at  only  two  point sr  (l)  at  Ix  -  iO  times 

the  eguilibriun  inhibited  iccal  cell  current,  fi-)T  »;  and  (2)  at 

«-  ix-o 

Ix  =  100  (ic)j  -q.  at  which  shruld  have  been  at  or  near  zero-  Polariza¬ 
tion  Procedure  C  was  employed  to  expose  the  interface  for  the  smallest 
possible  time  to  the  impressed  current.  Measurements  were  repeated  several 
tines  and  the  results  averaged.  The  figures,  expressed  as  the  difference 
between  the  zero-icpressed-c-urrent  value  and  the  polarized  value,  and  as  a 
range  within  which  the  “true*  value  probably  lies,  weres  (l)  33-50  cv., 
and  (2)  70  -  100  cv. ,  resrectively- 

3. 5.9.6  Local  cell  polarization  diagrams  for  sodiua  ferrccyanide,  drawn 
free  the  available  data,  are  shown  in  Figures  21  ar.d  22.  Only  the  end-points 
of  the  curves,  i.e. ,  the  initial  cixed  potential  and  open-circuit  {zero 
local  cell  current)  potentials,  were  known  to  any  degree  cf  certainty,  so 
the  construction  merely  involved  drawing  lines  between  these  points.  In  » 
Figure  21  the  curves  are  shown  as  single  dotted  lines  (labelled  A-l  and  C-l) 
for  the  sake  cf  simplicity.  In  Figure  22  anodic  and  cathodic  “curves*  are 
shown  as  regions  bounded  by  dotted  lines.  These  regions  are  drawn  in  such 


a  manner  that  the  probability  that  the  “true"  curve  lies  outside  them  is 

1 

quite  lew.  The  local  cathode  polarization  region  tales  into  account  a 

;  possible  error  of  t  5QX  in  the  estimated  local  cell  current,  which  as 

|  described  above,  could  not  be  measured  directly  because  of  the  instability 

I  of  the  inhibitor  film.  In  spite  of  the  resulting  dispersion  of  the  data, 

|  it  nay  be  seen  that  the  trend  i  well  defined  and  allows  definite  conclusions 

|  to  be  drawn  fron  the  figure.  These  are  discussed  in  Part  4. 

I 

I 

3.5. 1C  Hesulis  with  Sodium  Arsenite 

3.5.10.1  Sodiun  arsenite  has  been  used  for  many  years  as  an  inhibitor  for 
both  strong  and  weak  acid  corrosion.  The  general  mechanism  is  believed  to 
involve  reduction  to  elemental  arsenic  and  consequent  "poisoning"  of  the 
hydrogen  electrode  half-reaction  on  the  steel  surface.  This  action  would 
make  arsenite  primarily  a  "cathodic"  inhibitor,  and  should  be  revealed  by 
the  shape  of  the  local  cell  polarization  diagram. 

3.5.10.2  Sodium  arsenite  was  studied  in  solutions  at  pH  4.5.  Injection  of 
50  ppm  calculated  as  UaAsC^  produced  a  rapid  change  in  the  potential  toward 
more  cathc-dic  values.  The  decrease  in  the  corrosion  rate  followed  the 
change  of  potential  with  a  lag  of  15  to  20  minutes.  This  lag  was  not 
due  to  ir.stru-’ent  response,  as  there  is  no  lag  in  the  response  of  the 
Corrcsoceter  (although  a  period  of  about  15  nir.utes  is  usually  required  to 
establish  positively  that  a  change  in  corrosion  rate  had  occurred  at  the 
beginning  of  this  time  period).  In  the  above  experiment,  75  to  8C5S  of  the 


total  observed  potential  change  had  taken  place  before  the  corrosion  rate 
had  changed  by  1C£.  The  significance  of  this  lag  is  net  clear. 


3.5.10.3  At  the  end  of  two  hours  injection  of  50  ppa  XaAsC^  a  corrosion 
rate  of  the  order  of  23S  of  the  original  had  resulted,  and  was  constant. 

After  neasuring  the  zero-ispressed-current  valves  (See  Table  V),  cathodic 
polarization  was  carried  out  without  each  difficulty,  in  contrast  to  the 
trouble  encountered  with  chrccate  and  ferrocyar.ide.  The  nixed  potential 
cathodic  polarization  curve  obtained  is  shown  in  Figure  18. 

3.5.10.4  Application  of  anodic  polarizing  current  to  the  electrode  inhibited 
with  50  pp a  sodium  arsenite  resulted  in  the  seas  general  type  of  changes 

of  potential  and  filn  resistance  as  had  beer,  noted  with  scdiues  ferro  cyanide, 
but  to  a  lesser  degree,  ihe  potential  behavior  at  impressed  current  greater 
than  0.02  na/sq.  aa-  Indicated  that  the  filn  was  displaced  rapidly  upon 
closing  the  circuit.  This  effect  is  shown  clearly  by  the  data  Table  ¥1 
fcelcw.  Here  the  values  of  iy,  the  total  anodic  current  calculated  frca  the 
rate  of  c-etal  loss,  corresponding  to  several  values  of  Ix,  are  listed, 
together  with  the  difference  between  these  twn  values.  This  difference  Is 
equal  to  ic>  the  local  cathodic  current. 

TABLE  VI 


CATHODIC  CURRENT  DATA  DURING  ANODIC  POLARIZATION 
IN  THE  PRESENCE  OF  SODIUU  ARSENITE 


Ix  (ics/ca2) 


iy  (ca/ca^) 


As  pointed  cut  in  Section  !-!•*_  should  decrease  as  Ix  (anodic)  increases 
cn  a  surface  which  Is  not  basically  altered  by  the  passage  of  current.  The 
fact  that  i  actually  Increased  in  the  case  in  question  can  only  aean  that 
the  surface  was  losing  the  adsorbed  file. 

3.5. 1C. 5  In  view  of  this  effect.  It  w*  felt  that  potential  and  resistance 
aeasurecents  in  the  presence  cf  repressed  anodic  current  would  have  little 
meaning.  As  a  natter  of  interest,  however,  the  potentials  were  measured 
at  a  11=1  ted  number  of  points,  using  Procedure  C  to  lnsu~e  the  ninlaua 
exposure  of  the  filn  to  the  degrading  action  of  polarizing  current-  This 
nixed  potential  data  is  sfcrsc  as  small  triangles  on  Figure  18.  The  shaded 
area  sbewn  above  the  measured  data  points  represents  a  “best  estimate*  of 
the  region  that  the  curve  audit  occupy  If  the  Inhibitor  film  had  bean 
completely  stable. 

3.5.10.6  Local  cell  polarization  diagrams  for  sodium  arsenlte  are  shown 
In  Figures  21  and  23.  The  curves  were  derived  fro-a  the  data  of  Fi^ire  18, 
using  the  procedure  described  in  Section  3.5.4  to  calculate  local  cell  currents. 
In  Figure  23,  the  local  cell  srede  characteristic  is  shown  as  a  region  rather 
than  as  a  line,  to  take  into  account  the  uncertainty  of  the  measurements. 

The  significance  cf  these  die— =ns  are  discussed  in  Part  4  of  this  report. 

3.5.11  Results  with  Lcng-Chsir  Anir.es 

3.5.11.1  Long-chain  amines  are  widely  used  as  corrosion  inhibitors  in 
mildly  acidic  solutions.  Xitrccsfi  atcas  with  unshared  pairs  of  electrons 
are  strongly  adsorbed  on  steel,  leaving  the  hydrocarbon  group  oriented 
toward  the  corrosive  medium.  Tee  resultant  adsorbed  »iln  is  known  to  present 
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a  high  Impedance  to  the  flow  of  corrosion  current,  but  little  Is  known 
about  the  effect  of  the  file  on  the  local  h3lf-cell  electrode  potentials 
themselves,  local  cell  polarization  diagrams  for  amines  would  shed  light 
on  this  and  other  points  of  the  mechanism  by  which  these  inhibitors 
function. 

3.5.11.2  Dilute  solutions  of  the  acetic  acid  salts  of  certain  long-chain 
amines  in  isopropyl  alcohol  were  found  to  form  clear  mixtures  with  the  3% 
brine  at  amine  concentrations  belcw  100  ppm  in  the  brine.  The  amines  in 
this  category  that  were  tested  were  K-oleoyl  diethylene  triamine,  H-oleyl 
piperazine,  and  l-{2-aainoethyl)  -  2  -  heptadecenyl  imidazoline.  The 
overall  behavior  of  each  of  these  was  quite  similar  under  the  test  conditions. 
At  a  concentration  of  100  ppm  active,  each  gave  between  92  and  96  percent 
inhibition  from  alcohol  solution.  Zero-impressed-current  data  for  a 
representative  run  using  the  imidazoline  is  given  in  Line  4  of  Table  V. 

3.5.11.3  The  cathodic  polarization  curves  cade  on  electrodes  inhibited  by 
each  of  these  three  amine  salts  were  much  alike,  and  so  the  curve  for  only 
one  is  shewn  as  an  illustration.  A  representative  mixed  potential  cathodic 
polarization  curve  for  the  imidazoline  injected  at  100  ppn  from  an  alcohol 
solution  is  shown  as  the  upper  curve  in  Figure  19.  The  curve  appears  to 
be  a  straight  line  at  higher  values  of  impressed  current  (i.e.,  above  0.06 
tna/sq.  cm.),  and  has  no  point  of  inflection  such  as  is  evident  for  the 
uninhibited  surface. 

3.5.11.4  The  lower  curve  of  Figure  19,  is  for  the  same  amine  salt  injected 
at  the  same  active  concentration  in  diesel  oil  as  the  solvent  ratner  than 
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Isopropyl  alcohol.  The  oil  solution  dispersed  itself  in  the  fora  of  very 
small  droplets  with  the  aid  of  the  mechanical  stirrer.  The  Inhibiting 
action  was  slower  than  that  of  the  alcohol  solution  but  after  three  hours 
%%  inhibition  was  observed.  The  curves  are  similar  in  appearance,  the 
one  for  th?  oil  solution  being  somewhat  steeper  in  slope  at  higher  values 
of  Impressed  current. 

3.5.11.5  Anodic  polarization  of  surfaces  inhibited  with  these  seines  gave 
poor  results-  In  each  case  the  potential  began  to  drift  in  the  anodic 
direction  immediately  after  its  initial  cathodic  shift  following  applica¬ 
tion  of  polarizing  current-  The  interface  resistance  decreased  and  the 
interface  capacitance  increased  during  the  ancdic  drift  of  potential,  indica¬ 
ting  that  the  inhibitor  film  was  being  removed  by  the  action  of  impressed 
current. 

3-5.11-fc  -results  from  several  runs  involving  the  same  amine  salt  but 
different  degrees  of  inhibition  in  the  range  from  93  to  99%  shewed  that  toe 
film  on  acre  hignly  inhibited  surfaces  was  more  resistant  to  removal  by 
anodic  current  when  Ix<^  ICiijOj  _q,  but  was  still  disrupted  rapidly  at 
currents  greater  than  this.  The  film  produced  by  the  oil  solution  of  the 
imidazoline  also  appeared  to  be  more  tenacious  than  that  produced  by  an 
alcohol  solution  of  this  amine.  For  this  reason  an  electrode  treated  with 
a  diesel  oil  solution  was  chosen  to  supply  the  only  consistent  anodic 
polarization  data  for  amine-type  inhibitors  that  was  obtained.  An  effort 
was  made  to  measure  the  potential  at  just  two  points,  as  specified  in 
Section  3.5. 9. 5.  The  potential  was  highly  erratic  during  these  measure¬ 
ments.  best  figures  for  the  two  potential  displacements  were 
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(1)  at  Ix  =  10(ic)  Ix=0i  40  to  60  cw|  and  (2)  at  Ix  -  lOOd^^i  80 
to  110  mv. 

3.5.11.7  The  dotted  curves  In  the  u^er  portion  of  Figure  19  bound  the 
nixed  potential  anodic  polarization  region  for  the  surface  inhibited  by 
an  oil  solution  of  the  substituted  imidazoline.  The  point  corresponding 
to  lc  =  0,  lies  off-scale  to  the  right  of  the  plot  shown  in  Figure  19,  at 
leg  Ix  =  0.4. 

3.5.11.8  Figure  21  shows  the  local  cell  polarization  diagram  for  the 
imidazoline  plus  oil,  derived  from  Figure  19.  The  local  cell  diagram  for 
the  other  amines  would  appear  much  the  sane.  The  expanded  diagram  is 
shown  in  Figure  24.  The  shaded  area  between  the  dotted  lines  indicates 
the  uncertainty  in  the  position  of  the  local  anode  curve. 

3.5.12  Results  with  a  Sulfur-Containing  Organic  Inhibitor 

3.5.12.1  Thiourea  and  its  derivatives  are  known  inhibitors  for  acid 
corrosion  of  steel.  It  had  been  found  that  heating  thiourea  with  formal¬ 
dehyde  under  certain  conditions  irproved  the  effectiveness  of  the  parent 
compound^.  This  type  of  inhibitor  was  of  interest  to  the  present  study 
because  of  the  possibility  of  chemisorption  by  means  of  the  sulfur  groups 
in  the  molecule. 

3.5.12.2  A  relatively  rapid  decrease  in  corrosion  rate  was  observed 
after  beginning  to  inject  50  ppm  of  a  condensation  oroduct  prepared  from 


(l)  Proprietary  fororjlations  developed  by  liagna  Products,  Inc. 
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woe  part  tniourea  and  five  parts  of  2A%  formaldehyde  solution.  The 
corrosion  rate  was  again  constant  at  something  less  than  55f  of  its  original 
value  within  one  hour  after  injection  had  been  begin).  Data  from  a  typical 
run  with  this  substance  is  given  in  Table  V. 

3.5.12.3  The  behavior  of  the  inhibited  surface  toward  polrrizlr.g  current 
was  quite  similar  to  that  of  the  electrode  inhibited  with  sodium  arsenite. 
Cathodic  polarization  was  carried  cut  without  difficulty,  whereas  anodic 
polarization  gave  evidence  that  the  film  was  being  broken  down,  although 
more  slowly  than  was  the  case  with  the  other  organic  compounds  tested. 

The  mixed  potential  curves  ere  shown  in  Figure  20. 

3.5.12.4  The  cathodic  polarization  branch  (lower  curve)  shews  little  or 
no  horizontal  portion  at  lower  values  of  Ix,  and  appears  quite  straight 

at  higher  values  of  Ix.  The  point  Shewn  as  *1^  =  0*  was  located  by  estima¬ 
tion  rather  than  by  direct  measurement  (See  Section  3.5.4),  using  the 
relationship 

r'*xhA=o  =  2^a^ix=o 

found  for  the  uninhibited  surface.  It  is  quite  certain  that  the  sziltiply- 
ing  factor  to  be  used  in  the  above  equation  lies  between  1.5  and  2.5. 

3.5.12.5  The  region  cf  most  probable  values  for  the  mixed  potential  during 
anodic  polarization  is  shewn  as  a  shaded  area  in  Figure  20.  It  can  be 
seen  that  the  shape  and  position  of  this  region  for  this  particular 
inhibitor  are  quite  similar  to  those  of  other  inh’bitors  tested. 
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3*5. 12.6  Local  cell  polarization  diagrams  for  the  thlourea-folaaldehyde 
condensation  product,  as  derived  froa  Figure  20,  are  shorn  In  Figure  21, 
and  in  expanded  fora  In  Figure  25.  The  curve  for  the  local  anode 
potential  Is  very  close  to  a  straight  line,  rhile  the  cathode  line 
appears  as  a  gentle  curve.  These  diagrans  are  discussed  In  Part  4, 
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4.1.1  The  relatively  large  disturbances  observed  to  occur  at  the  interface 
after  sudden  shifts  in  the  DC  polarizing  current  (required  by  the  aethod  of 
balancing  the  Pearscti-Holler  bridge)  were  unexpected,  inasmuch  as  nc  such 
behavior  had  been  reported  by  other  workers  who  have  used  this  technique 
(Refs.  13  and  1-0.  Cress  and  Hackenan  did  state  that  The  bridge  was  too 
unstable  to  perult  cne  blank  run  for  all  comparisons,*  but  this  reoark  was 
oade  to  indicate  that  the  shape  and/or  position  of  the  polarization  curves 
were  not  reprodurezhle,  rather  than  to  point  to  erratic  behavior  during 
the  balancing  operaticn- 

4.1.2  The  disturbance  was  quite  snail  at  ssall  values  cf  applied  current, 
but  at  the  sere  tins  the  13  drops  were  relatively  saall  in  this  region,  so 
no  close  balance  cf  the  bridge  was  .tecessary.  The  largest  disturbances 
were  observed  in  the  region  of  greatest  Irterest  -  that  where  the  local 
cell  current  was  at  cr  near  zero.  Reference  lo  Figure  13  {obtained  by 
ceans  cf  the  A-C.  -  D-C.  impedance  bridge)  shows  why  this  was  so.  Sate 
that  both  Rj  and  7X  charged  =sost  rapidly  in  the  region  of  Ix  on  either 
side  of  the  point  where  1^  =  0.  Hhen  Rj  varies  with  Ix,  the  expression 
for  the  change  in  bridge  output  due  to  a  change  in  I  (See  Acpeisdix  B) 
contains  the  ter* 


which  is  not  present  vrten  3j  is  a  constant-  Hence,  when  the  rate  cf  change 
of  Rj  with  I  is  such  as  is  shown  in  Figure  103,  the  above  terra  can  bee  cue  the 
isajor  source  of  brldoe  output,  obscuring  the  true  resistive  balance  point 


entirely.  Why  Cross  and  Hackeroan  (Ref.  13)  and  Simons  (Ref.  14)  did 
not  report  similar  behavior  is  not  known.  It  cay  be  that  at  the  lower 
temperatures  at  which  these  workers  carried  out  their  tests  the  rate  of 
change  with  respect  to  applied  current  was  very  small,  or  occurred  very  f 
slowly  and  therefore  did  not  Interfere  with  the  bridge  balancing  operation. 

4.1.3  All  known  methods  for  obtaining  a  resistive  balance  in  bridge 
circuits  containing  both  resistances  and  EJSFs  depend  for  their  effectiveness 
on  the  assumption  that  all  the  resistive  elements  are  constant  with  respect 
to  changes  in  current.  Indeed,  one  primary  reason  for  using  a  bridge 
circuit  at  all  is  to  pernit  automatic  cancellation  of  IR  drops  regardless 
of  changes  In  bridge  current.  The  fact  that  R^  was  not  constant  under  the 
conditions  of  the  present  work  would  therefore  appear  to  negate  the  usefulness 
of  this  entire  approach  where  changes  in  D.C.  cast  be  used  for  adjusting  the 
resistance  balance. 


4.2  Polarization  Behavior  -  Non- inhibited  Surfaces 

4.2.1  Cathodic  Polarization  -  Figure  10A  shows  that  the  reduced  nixed 
potential,  ?I^_,  was  constant  at  all  values  of  Ix  up  to  that  required  to 
reduce  IA  to  zero,  equations  4  and  5  (Section  1.4)  indicate  that  for  PD^ 
to  be  constant,  either  (a)  EA,  RA,  E^,  and  Rq  are  all  constant,  or  (b)  these 
same  four  variables  chance  in  such  a  manner  as  to  leave  PDj_  constant. 
Alternative  (b)  is  highly  improbable,  and  is  rejected  In  favor  of  (a). 

Constant  values  for  the  E's  and  R’s  Imply  constant  true  anodic  current  density 
and  true  cathodic  current  density  (See  Footnote,  Section  l-l).  This  analysis 
leads  to  the  conclusion  that  the  size  of  the  true  anodic  and  cathodic  areas 
oust  change  with  the  applied  curref  c  in  such  a  manner  as  to  leave  the 


respective  current  densities  essentially  constant.  When  the  applied 
current  is  cathodic,  as  in  Figure  10,  the  total  area  undergoing  anodic 


local  cell  acticn  becooes  scalier  as  I  is  Increased  up  \o  (I  _  As 

*  x  »*=0. 

lx  approcches  {Ix)j^_q,  nu=^*r  °f  anodic  sites  becooes  relatively  snail 
and  the  distribution  probably  is  ncn-unifora.  Under  these  conditions  the 
sicple  relationship  expressed  by  Equation  -4  probably  no  longer  applies. 


4.2.2  The  theoretical  relationship  of  potential  to  polarizing  current  for 
activation-controlled  electrode  processes  has  been  treated  by  Stem 
(Refs.  23  to  32).  It  is  shewn  that  no  change  in  the  “potential*  is  to  be 
expected  even  on  a  cathode  cf  constant  area  until  the  repressed  current 
becores  about  equal  to  the  original  local  cell  current.  Stem  does  not 
define  his  "potential,*  however,  and  it  is  not  known  whether  he  is  referring 
to  FDl  or  FOp.  It  is  probable  that  the  corrosion  reaction  studied  here  is 
subject  to  control  by  both  activation  (for  the  hydrogen  half-reaction)  and 
diffusion.  Thus,  the  potential  behavior  nay  be  expected  to  be  complex  and 
difficult  to  analyze. 


4,2.3  A  contributing  cause  for  the  rcre  rapid  change  cf  potential  in  the 
region  of  zero  local  cell  current  nay  be  fcur.d  In  the  dependence  of  nixed 
potential  on  the  ratio  of  anodic  areas  to  areas  on  the  electrode  surface 
(Ref.  33).  Figure  3  of  Reference  33  -hews  that,  for  electrodes  that  exhibit 
Tafel  behavior,  the  potential  coves  sharply  in  the  anodic  direction  when 
ktf beccnes  very  snail-  Kere  again,  the  cathenatical  analysis  applies 
sir  „dy  only  to  "perfect*  electrodes,  but  helps  to  understand  the  overall 
behavior  of  the  real  electrode. 
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4.2.4  Both  ?D^  and  PDp  shew  a  point  of  inflection  at  or  n»ar  where  iA  =  0. 

It  is  apparent  that  the  current  corresponding  to  this  Inflection  could  be 
used  to  determine  the  value  of  Ix  corresponding  to  i^  =  0.  The  relation¬ 
ship  between  this  value  of  lx  and  the  original  (rsaxintn)  value  of  iA 
(equal  to  the  local  cell  corrosion  current)  cannot  be  determined  frees  the 
polarization  diagram,  however.  The  ratio  of  (lx)$A=o  to  (iA)c sax.  ^aS 
measured  at  Ix  =  0)varied  from  1.5  to  2.5  for  several  uninhibited  runs. 

A  possible  reason  for  such  variation  nay  be  found  In  Equation  A-4  of  Appendix 
At 


(Equation  A-4) 


This  equation  shows  that  the  fraction  of  Ix  that  affects  iA  is  determined 
by  the  ratio  Rq  /  (Ra  ♦  Rq)  at  any  instant.  If  this  ratio  Is  different 
from  one  run  to  another,  then  iAwill  be  a  different  function  of 
accordingly.  If  iA  in  Equation  A-4  is  set  equal  to  zero,  then  we  have 


^x^i  .=0  "  -  ^L^i  .=0 


( RA  *  \) 

V  %  /  IA=0 


(Equation  16) 


Substituting  for  Ij_  from  Equation  5,  Section  1.4s 


t![»  V>  =  i 


(Equation  17) 


Of  the  three  quantities  on  the  right  of  Equation  17,  (Ea)j^_q  and 
(R-)j^=0  have  been  determined  as  -0.875  v.  vs.  SCH  and  30  ohms/em^  respectively, 
but  (H-)^  _q  cannot  be  measured  on  a  cixe*  electrode. 
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4.2.5  The  curve  for  Ry  vs.  Xx  shewn  In  Figures  1G3  and  11B  lends  support 
to  the  view  that  local  anodes  areas  are  converted  to  cathodic  areas  by 


the  applied  current.  As  shewn  by  Equation  7,  R^  is  equal  to  the  parallel 
conblnation  of  RA  and  Rq,  the  local  anode  and  cathode  resistances* 


(Equation  7) 


R^  and  Hq  are  the  result  of  all  individual  anodes,  or  cathodes,  acting  in 
parallel.  Thus,  each  is  inversely  proportional  to  the  areas  acting  as  anodes 
or  cathodes,  respectively.  As  the  area  acting  sncdically  Is  decreased  by 
increasing  I  ,  R,  increases  greatly,  while  R_  decreases  only  slightly,  in 
line  with  the  concept  that  the  steel  surface  has  a  high  ratio  of  cathodic 
to  anodic  areas  in  acid  solutions.  The  net  result  is  an  increase  In  R^. 
Figure  1C3  shews  that  Ry  increases  by  a  factor  of  three  froa  the  initial 
state  to  the  point  where  1A  =  0.  Beyond  this  point  the  surface  is  entirely 
cathodic,  and  Ry  is  seen  to  decrease  with  increasing  Ix,  presusably  because 
previously  inactive  areas  on  the  surface  are  thereby  brought  into  play.  This 
statement  is  supported  by  the  increase  in  the  interface  capacitance  Cy 
which  occurs  at  higher  values  of  1^  (See  Figures  103  and  11B). 


4.2.6  Two  distinct  differences  appear  between  the  curves  of  Figure  10 
obtained  by  leans  of  Polarization  Procedure  A,  and  Figure  li  obtained  by 
ceans  of  Polarization  Procedure  B.  One  is  that,  in  Figure  10A,  the  potential 
curves  are  flatter  at  low  values  of  I„  and  break  acre  suddenly.  The  other 
difference  is  the  sharpness  and  synretry  of  the  peak  in  the  curve  for  Ry 
in  Figure  103  as  compared  to  the  broader  curve  screwed  to  the  left  in 
Figure  11R.  The  curves  of  Figure  10  are  believed  to  represent  sceewhat 


better  data  than  these  of  Figure  11,  inasmuch  as  each  point  in  the  foraer 
diagram.  «as  oeasured  relative  to  a  zero-iapressed-current  value  taken 
iscediately  before  the  said  point.  Thus,  any  off-set  of  the  zero  value 
was  taken  into  account.  This  was  not  true  of  the  data  shown  in  Figure  11, 
where  the  impressed  current  was  increased  frea  point  to  point  without 
returning  to  zero.  However,  froa  a  practical  point  of  view,  it  appears 
that  the  possible  errors  introduced  by  usa  of  Procedure  S  on  the  uninhibited 
surface  are  small  in  comparison  to  the  effects  to  be  expected  fron  inhibitors 
in  the  solution,  and  hence,  when  the  polarlzatio:  urve  is  measured  only  to 
serve  as  the  starting  point  for  a  study  of  inhibitors.  Procedure  3  is 
preferred  for  the  saving  of  tice  it  allows. 

4.2.7  Figures  13  and  14  shew  the  local  anode  polarization  curves  corres¬ 
ponding  to  data  obtained  by  Polarization  Procedures  A  and  B,  respectively, 
for  the  uninhibited  surface.  Along  the  X-axis  is  plotted  the  ratio  of  the 
anodic  local  cell  current,  (i^),  to  its  maximum  value,  treasured  when  Ix  =  0. 
The  magnitude  of  the  abclssa  is  directly  proportional  to  the  average  rate 
of  corrosion  over  the  electrode  surface.  No  assumptions  need  be  cade 
regarding  the  area  actually  undergoing  anodic  reaction.  In  the  absence  of 
eetheds  to  determine  the  true  local  anode  current  density.  It  Is  believed 
that  this  sethed  of  presenting  of  local  cell  polarization  curves  is  the 
cost  generally  useful  of  several  methods  appearing  in  the  literature. 

4.2.8  As  shown  in  Figure  13,  the  total  polarization  of  the  local  anode 
potential  under  the  test  conditions  is  considerable  -  totalling  150  at. 

as  measured  by  Procedure  A.  Seventy- five  percent  of  the  total  occurs  over 


only  Z>%  of  the  range  of  near  1^  =  0.  Thus,  unless  the  entire  polariza¬ 
tion  curve  is  traced,  the  relatively  wide  region  over  which  the  potential 
is  constant  can  give  the  mistaken  impression  that  the  anodic  reaction  Is 
only  slightly  polarized. 


4.2.9  The  so-called  "open  circuit"  anode  potential  is  s»en  to  be  -0.875  v. 
vs.  SCE.  Ko  fundamental  significance  is  attached  to  this  value,  except  to 
note  that  it  was  ceasure*.  when  i^  was  zero  and  when  no  dissolved  iron  was 
present  in  the  solution.  Some  concentration  of  ferrous  ion  other  than  zero 
nay  persist  near  the  cetal  surface  as  an  adsorbed  layer  or  as  a  layer  of 
solution  trapped  by  the  hydrogen  gas  blanket  generated  by  the  cathodic 
polarizing  current.  The  Iron  electrode  is  essentially  irreversible  in  this 
solution,  and  so  the  Kernst  Equation  Is  of  no  value  in  caking  the  analysis. 


4.2.10  Anodic 


-  Figure  15  shows  data  obtained  by  anodic 


polarization  of  the  uninhibited  steel  electrode  under  the  test  conditions. 

The co  curves  represent  the  behavior  In  the  region  of  lx  extending  froa  near 
zero  to  about  25%  of  the  current  required  to  reduce  ic  to  zero.  Originally 
it  was  planned  to  supply  enough  anodic  polarizing  current  to  reach  the 
point  where  ic  =0,  but  the  amount  of  applied  current  required  pr<r/ed  to  be 
far  greater  than  expected,  and  so  the  total  change  in  ij.  produced  was  United 
by  practical  considerations  of  equipment  available  and  circuit  design.  The 
portion  of  the  polarization  curve  that  was  accessible  is  of  considerable 
value,  nevertheless,  for  raxing  comparisons  with  anodic  polarization  data 
obtained  when  inhibitors  were  applied. 
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4.2.11  If  the  behavior  of  the  surface  toward  anodic  polarization  current  were 
strictly  analogous  to  that  toward  cathodic  current,  the  slope  of  ti.e  line 


•  • 


for  PD^  would  be  close  to  zero  over  the  entire  region  shown  on  Figure  15/L 
The  continuous  decrease  of  R £  shown  in  Figure  15B  Indicates  that  cathodic 
areas  are  being  converted  to  anodic  areas  to  a  certain  extent  as 
increases.  The  shift  of  PD^,  and  along  with  It  PE^>,  in  the  cathodic 
direction  probably  results  froa  the  fact  that  there  is  considerable  resist¬ 
ance  to  the  conversion  process,  ar.d  hence  new  anodic  areas  are  not  created 
in  proportion  to  increasir.3  anodic  current.  Therefore,  the  true  anodic 
current  density  increases  and  the  true  cathodic  current  density  decreases 
as  anodic  inpresses  current  increases,  resulting  in  a  nei  shift  of  both 
potentials  in  the  cathodic  direction. 

4.2.12  The  local  cathode  polarization  curve  for  the  uninhibited  steel 
electrode,  shown  in  Figure  1?,  Is  quite  different  in  appearance  froa  the 
local  anode  curve  of  Figure  13.  (Both  curves  are  shown  together  in  Figure 
26  fur  core  convenient  comparison).  The  curvature  of  the  cathodic  curve 
Is  core  or  lass  constant  throughout  its  length,  and  the  slope  Is  steeper 
than  that  of  the  anodic  branch,  cosssnsurate  with  the  greater  total  change 
of  potential  of  0.43  v.  as  compared  to  0.15  v.  for  the  total  anode  shift. 
Note  that  both  urves  have  nearly  the  sacs  slope  during  the  first  1G9C  of 
the  oaxicua  local  cell  current,  but  that  froa  that  point  on  the  local 
cathodic  curve  has  a  each  greater  slope  than  the  anode  curve. 

4.2.13  The  best  estimate  of  the  open  circuit  cathode  potential  obtainable 
frocs  the  extrapolated  local  cathode  curve  is  -0.300  v.  vs.  SCE.  This  is 
the  sane  as  that  of  the  standard  hydrogen  electrode,  but  probably  only  by 
coincidence-  The  surface  is  presumably  behaving  as  a  hydrogen  electrode  at 
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equilibriuo  when  ig  =  0  (in  addition  to  the  highly  polarized  anodic 
activity  taking  place),  and  therefore  if  the  Hornet  Equation  for  this  half- 
reaction  (Equation  18)  applies,  the  observed  potential  Indicates  that  th* 
activity  of  hydrogen  gas  at 

EH  =5  109  IQ2  (Equation  181 

the  interface  was  approximately  equal  to  the  square  of  the  hydrogen  les 
activity,  or  about  10~9  M.  The  sweeping  effect  of  moving  solution  arid 
CC>2  bubbles  should  maintain  the  partial  pressure  of  H£  very  low,  especially 
when  Ig  =  0  2nd  no  hydrogen  Is  being  generated. 

4.2.14  The  main  use  to  be  cade  of  (Ec)  or  (PDc)^-q  in  Figure  17,  Is  as 

a  reference  point  from  which  to  measure  the  effect  of  inhibitors  In  shifting 

the  open  circuit  cathode  potential.  As  described  in  Section  3.5,  the  changes 

in  this  value  caused  by  cost  good  inhibitors  was  of  the  order  of  200  mv.,  and 

hence  the  uncertainty  of  50  cv.  in  (E^)-  _q  does  not  greatly  interfere  with 

C 

interpretation  of  the  data. 

4.2.15  At  the  cutsc-l  of  this  work,  it  was  hoped  that,  once  the  local  cell 
polarization  potential  curves  had  been  obtained,  they  could  be  resolved 
into  two  components,  one  electromotive  and  the  other  resistive.  In 
accordance  with  Equations  1  and  2,  Section  1.2.  Such  a  resolution  would 
depend  on  being  able  to  measure  or  estimate  8^  and  Rg  at  any  point. 
Unfortunately,  It  was  not  possible  to  measure  these  values  separately? 
only  their  parallel  combination  R^  could  fee  determined. 


4.2.16  Somz  idea  of  the  order  of  magnitude  of  the  resistance  per  unit  area 
of  actual  anodic  area  or  of  actual  cathodic  area  may  be  derived  from  the 


respective  values  of  Rj  when  ic  or  l^,  respectively,  are  equal  to  zero. 

Thus,  from  Figure  12.*.,  ?.f  equa Is  30  ohms  per  sq-  cm.  apparent  at  the  point 

where  local  anodic  activity  is  stopped  and  the  surface  presumably  is  acting 

entirely  as  a  cathode  with  about  the  same  fraction  of  the  total  av-  liable 

surface  being  utilized  as  when  iA  was  not  zero.  Thus,  the  approximation 

would  be  (Rf )^-q  =  -0  ohms  per  apparent  sq.  cm.  Similarly, 

Figure  ISA  shows  that  Rf  approaches  2  ohms  per  apparent  sq.  cm.  as  ij. 

approaches  zero.  Therefore,  (R^).  (Rf ) j  -q  =  2  ohms  per  apparent 

C  C 

sq.  cn.  These  must  be  regarded  as  degenerate  values,  considering  the  special 
conditions  under  which  they  apply.  Furthermore,  because  they  are  resist¬ 
ances  per  unit  of  area,  they  cannot  be  used  to  calculate  the  effective 
values  of  RA  and  P.q  because  the  respective  areas  actively  engaged  In  trans¬ 
ferring  current  to  the  solution  were  net  known  or  measurable. 


4.2.17  A  further  complication  in  the  schec=r  to  resolve  polarization  curves 
into  EKF  anu  resistance  terns  is  introduced  by  the  variation  in  R^,  and  thus 
of  R A  and 

constant  over  the  entire  region  of  local  cell  currer-t,  then  certain 
cssui-otions  might  be  made  and  the  straight  line  that  would  correspond  to 
the  term  i.R,  or  i_R_  r.lght  be  drawn  cn  the  diagrams.  As  it  is,  this  method 
can  be  suggested  but  cannot  be  used. 


P!„,  produced  by  varying  the  impressed  current.  If  or  R^.  were 


4.2.i<5  The  curve  for  FDA  appears  to  be  close  to  that  which  can  be  described 
by  a  Tafei-type  equation.  Using  the  general  fora  of  the  equation* 

PDa  =  a  ♦  b  log  iA  (Equation  19) 
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and  setting  a  =  -0.88  v.  (corresponding  to  =  0)  and  b  =  ♦O.SO  {calculated 
using  only  the  two  end-points  of  the  measured  potential  curve),  a  curve 
indicated  by  the  position  of  the  small  crosses  In  Figure  13  Is  obtained. 

The  two  curves  might  be  said  to  coincide  within  the  normal  amount  of 
var.ation  in  potentials  measured  from  one  run  to  another.  This  would  be  a 
significant  observation  were  it  not  for  s  ral  complicating  factors.  First, 
in  the  Tafel  Equation  the  symbol  *i"  in  the  log  i  term  refers  to  the  true 
current  density,  and  thus  if  the  total  current  Is  used  as  a  variable,  it 
must  be  assumed  that  the  area  receiving  that  current  is  ccn'tant.  But 
on  the  mixed  electrode  being  studied  here,  several  indications  point  to 
local  anode  area  which  decreases  with  In  such  a  manner  that  the  true 
anodic  current  density  is  relatively  constant.  If  such  is  actually  the 
case,  and  Equation  19  does  in  fact  apply,  then  only  a  small  change  In  the 
local  anodic  potential  should  have  occurred  as  iA  was  reduced.  It  Is 
apparent  that  too  many  ua=r.easured  variables  are  operating  during  polarization 
by  impressed  cathodic  current  to  permit  a  detailed  analysis  of  the  behavlor- 
The  same  remark  applies  also  to  polarization  occurring  during  application  of 
anodic  current.  Therefore,  as  stated  previously,  the  primary  usefulness  of 
thv  local  cell  polarization  curves  to  the  present  study  is  as  a  qualitative 
comparison  by  which  the  effect  of  inhibitors  may  be  judged. 

4.3  Analysis  of  Zero-Impressed-Current  Potential  Data  for  Inhibited  Surfaces 

4.3.1  As  shown  in  Table  V,  all  inhibitors  produced  a  displacement  of  the 
zero-irepressed-current  potential  toward  the  cathodic  (less  negative) 
direction.  Examination  of  Figures  22  to  23  in  conjunction  with  Figure  25 
shows  that  all  inhibitors  tested  moved  the  open-circuit  potential  of  local 
3nodes  in  the  cathodic  direction  by  at  least  ICO  nv.  and  some  moved  it 
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ever  200  ev.  In  addition,  the  equilibrium  nixed  potential  In  the  presence 
of  inhibitors  was  In  every  case  it  least  60  cv.  rare  cathodic  than  the 
open-circuit  anode  potential-  Thus,  the  sum  cf  these  two  displacements 
was  greater  than  160  aw.,  which  placed  the  inhibited  mixed  potentials  at 
mere  cathodic  values  than  the  ur-iculsited  nixed  potentials.  In  most  cases 
even  the  open-circuit  local  anode  potential  of  the  inhibited  surface  was 
care  cathodic  than  the  polarized  mixed  potential  of  the  uninhibited  surface. 
See,  for  example.  Figures  23,  24,  and  25. 

4.3.2  The  total  displacement  cf  nixed  potential  for  each  of  the  six  inhibitor 
runs  tabulated  in  Table  V  is  given  in  Table  VII. 


B5SIII 

2E?0-IiJ??=SSE2-aH=£.VT  rCTEKHALS  SHIFTS  F3C«  TABLE  V 
ISH13ITC3  ?I  ISN'T!  AL  CHANGE  (cv.) 


Sodium  Chromate 

57 

Sodiun  Ferro  cyanide 

38 

Sodium  Arser.Ite 

70 

Alkyl  Imidazoline  - 

1C2 

Alkyl  Imidazoline  plus  Oil 

107 

Thiourea  Derivative 

92 

As  shown,  the  organic  chemicals  cave  larger  potential  changes  than  did  the 
inorganic  chemicals  at  the  particular  concentrations  indicated  in  Table  V. 
However,  potential  displacement  Increased  with  increasing  concentration  of 
inhibitor  in  all  cases,  sc  that  the  relative  crcsr  of  displacenents  was 
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somewhat  different  depending  on  the  concentration  in  the  solution  at  th* 
time  the  potential  was  measured.  For  example,  one  run  involving  sodium 
arsenite  at  70  ppm  gave  a  shift  of  over  100  nr/,  at  99.5%  inhibition. 


4.3.3  Tho  pclential  appeared  to  be  more  sensitive  to  the  concentration  of 
inhibitor  in  the  solution  than  to  the  decree  of  film  formation  indicated 
by  the  corrosion  rate.  As  described  in  Section  3.5. 8. 2  for  sodium  arsenite, 
the  potential  began  to  change  immediately  aftdr  starting  to  inject  the 
inhibitor,  even  through  the  corrosion  rate  often  required  15  to  30  minutes 
to  begin  to  change.  This  effect  occurred  In  reverse  after  a  constant 
inhibited  state  had  been  reached.  As  soon  as  the  supply  of  inhibitor  was 
cut  off,  the  potential  began  to  move  toward  nore  anodic  values,  and  yet  the 
corrosion  rate  remained  constant  for  sooe  tine. 


4.3.4  Two  experiments  were  carried  out  to  examine  this  phenomenon  further. 

In  one,  the  system  was  inhibited  with  sodium  arsenite,  and  after  a  constant 
inhibited  potential  had  been  measured,  the  inhibitor  was  shut  off  and  the 
flow  of  solution  was  allowed  to  continue  for  16  hours.  At  the  end  of  that 
tine,  the  percent  inhibition  had  decreased  only  from  98  to  82%,  but  the 
potential  was  actually  core  anodic  than  it  was  before  the  inhibitor  had  been 
injected.  The  other  experiment  involved  the  oil  solution  of  the  alkyl- 
imidacoline  salt.  The  system  was  first  inhibited  98%,  maintained  there  by 
continuous  injection  for  Tour  h«jrs,  then  allowed  to  go  for  sixteen  hours 
without  inhibitor.  Inhibition  was  still  at  97%  at  the  end  of  this  time, 
indicating  good  persistency  of  the  adsorbed  film.  The  potential  had  returned 
to  within  20  cv.  of  its  original  uninhibited  value,  nevertheless.  It  is 
apparent  from  these  results  that  no  correlation  between  the  magnitude  of  the 
potential  shift  and  the  effectiveness  of  an  inhibitor  is  to  be  expected. 
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i  4.4  Effect  of  Inhibitors  on  Interface  Resistance  and  Capacitance 

m 

4.4.1  It  is  of  interest  to  cccp.-re  the  chance  in  the  interface  resistance 
and  in  the  interface  capacitance  produced  by  each  inhibitor,  with  the 
corresponding  change  in  corrosion  rate.  Table  VIII  gives  the  percent 
change  in  conductance  (l/Sf),  capacitance  CCj),  end  in  corrosion  rate  for 
the  da-*-,  shown  in  Table  V* 


TAELS  VII I 

INTERFACE  CONDUCTANCE  AND  CAPACITANCE  DATA 


%  DECREASE 

%  DECREASE 

%  DECREASE  IN 

ishisnca 

IS  1/R, 

A 

IS  Cf 

CORROSION  RATE 

Scdiur  Chrcaate 

72 

78 

83 

Sodiun  Ferrocyanide 

E4 

31 

95 

Scdiun  Arsenite 

96 

79 

58 

Aliyl  Inidazaiine 

50 

44 

93 

Alky-  Inldaroline  plus  Oil 

89 

74 

98 

Tnicurea  Derivative 

50 

64 

95 

4.4.2  Rj  Is  a  ••.•»asure  of  RA  and  E^  in  parallel,  whereas  3.  and  R^  are  in 
serit-s  in  the  path  of  local  cell  corrosion  current.  If  RA  and  Rr  are  both 
increased  by  the  sane  factor  by  the  action  of  an  Inhibitor,  then  Rj  would 
increase  by  this  So=>e  factor  and  changes  in  R;  would  correctly  indicate 
chances  in  RA  ♦  However,  if  an  inhibitor  h3S  an  unequal  effect  on 
R^  and  3_,  then  R^  will  change  in  an  unpredictable  scanner.  It  is  regrettable 
that  no  ret  hod  was  found  to  reasure  R^  and  Rj~  separately  on  the  nixed 
electrode. 
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4.4.3  Wo  direct  correlation  is  to  be  expected  between  either  fff  or  the 
sua  of  R^  and  and  the  corrosion  rate,  Inascaich  as  the  local  cell  current 
is  a  function  both  of  local  half-cell  resistance  and  local  haif-cell  EWF*s, 
as  shown  in  Equation  5,  Section  1.4.  A  study  of  Table  IX  reveals  tftat 
changes  in  the  EUF  relatiohsnipc  produced  by  inhibitors  were  considerable, 
and  appeared  to  have  an  effect  cn  the  corrosion  rate  that  was  comparable  to 
that  of  the  cell  resistances. 

4.4.4  The  figures  for  interface  capacitance  are  listed  in  Table  VIII  as  a 
cotter  of  Interest.  The  interpretation  of  the  capacitive  reactance  of  an 
electrode  interface  is  still  on  open  question.  Siaacns  (Ref.  14)  contends 
that  no  true  capacitance  exists,  and  instead  only  an  apparent  capacitive 
effect  exists  because  changes  of  potential  lag  behind  changes  in  current 
across  the  interface.  On  the  other  hand  bo st  workers  in  the  field  of 
hydrogen  overvoltage  talk  about  an  electrical  double  layer  across  which 
electrical  charge  can  be  transferred  rapidly.  It  is  not  the  purpose  of  the 
present  work  to  attest  to  resolve  these  fundamental  natters.  The  capacitance 
apparent  or  otherwise,  was  measured  to  indicate  the  decree  to  which  the 
layer  of  charged  molecules  originally  adsorbed  cn  the  steel  had  been 
displaced  by  each  inhibitor.  Froa  the  data  of  Table  VIII  there  appears  lo  be 
only  a  rough  qualitative  correlation  between  the  decrease  of  Cr  and  the 
decrease  in  local  cell  corrosion. 

4.4.5  Table  7111  shows  that  the  imidazoline  injected  froa  an  alcohol  solution 

into  the  brine  in  the  absence  of  oil  produced  a  increase  in  fila 
resistance  and  a  reduction  in  corrosion.  Siemens  {Ref.  14)  reported 


that  certain  water  soluble  inhibitors,  presumably  amine  salts,  give 
essentially  no  increase  in  “file  resistance*  in  his  tests*  It  is  possible 
that  he  did  not  take  into  account  the  slow  rate  of  adsorption  of  this  class 
of  cccpounds  at  lew  concentrations,  and  thus  did  not  wait  long  enough  for 
the  adsorbed  layer  to  be  established.  Siccons  did  find  a  strong  effect 
of  oil  solutions  of  anine  inhibitors,  and  thus  concluded  that  there  eight 
be  a  fundancntal  difference  between  the  mechanism  of  Inhibition  depending 
on  whether  oil  was  present  or  absent.  The  results  of  the  present  work 
show,  however,  that  the  amines  are  strongly  adsorbed  free:  both  water  and  oil 
solutions,  and  that  the  role  of  oil  is  probably  one  of  adherence  to  the 
■tails"  of  the  adsorbed  molecules  in  such  a  rwnner  as  to  further  increase 
the  resistance  of  the  fila  to  penetration  by  water,  hydroniun  ions,  ferrous 
ions,  and  other  species  involved  in  the  corrosion  reaction. 

-2-5  Local  Ceil  Paiarir atior-  Diacrams  for  Inhibitors 

4.5.1  Comparison  of  the  four  local  cell  polarization  diagrams  of  Figures  22 
through  25  with  each  other  shows  that  the  observed  polarization  behavior 
was  very  much  the  sane  regardless  of  the  inhibitor  used.  Because  of  this 
similarity,  the  different  inhibitors  will  be  discussed  together  under  headings 
that  refer  to  the  behavior  of  the  inhibitors  as  a  group. 

4.5.2  Orer.-ci rcuit  Potentials.  Table  IX  gives  a  compilation  potential  data 
for  the  four  inhibitors  for  which  complete  local  cell  data  is  available.  The 
values  shown  for  (E ^)  are  probably 'all  acre  cathodic  {less  negative)  than 
they  should  be,  due  to  the  effect  of  cathcdic  polarizing  current  in  increas¬ 


ing  the  adsorption  of  inhibitors  during  the  experimental  procedure.  For 
sodium  ferrocyanidc,  the  effect  nr*  be  due  to  precipitation  of  unscluble 
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mr-r  ceil  potential  data  ga  i?ki3IT0RS 


EQUILIBRIUM 
MIXED  PGTENTIAi. 


(rr/.  v«  <sCc) 


-675 


-652 


-615 


C?  EX-CIRCUIT 
XEZ-E  POTENTIAL 


JIaLx. 


-735  to  -775 


-722 


-688 


C  EN-CIRCUIT 
CATHODE  POTENTIAL 


i!ck 


-605  to  -575 


-572  to  -542 


-535  to  -495 


(£r)  *  (E.)„ 

Co  AO 


(rv.) 


130  to  200 


150  to  180 


160  to  190 


Thiourea  Derivative 


-632 


-682 


-557  to  -532 


130  to  150 


iron  compounds  closer  to  tre  metal  sur  'ace  of  anode  areas  made  possible  by 

decreasing  anodic  current.  For  sodium  arsenlte,  the  chemical  reccing 

action  of  cathodic  current  could  cause  an  accelerated  deposition  c.  «rsenlc 

in  close  proximity  to  local  anodes,  tending  to  choke  then  off  core  than 

was  the  case  before  the  polarizing  current  was  applied.  For  the  organic 

compounds,  which  presumably  act  primarily  by  physical  adsorption  without 

chemical  change,  increased  adsorption  at  anodic  areas  could  result  from 

the  increased  rate  of  transport  of  positive  ions  to  the  surface  under  the 

applied  potential  gradient,  such  positive  ions  including  those  frca  isnzation 

of  32sirr<  „nd  oxcnium  compounds  in  the  acid  solution.  Xo  definite  figure 

can  be  placed  on  the  magnitude  of  the  error  introduced  by  this  rr~ocnencn, 

but  it  probably  is  less  than  50  zrt.  in  all  cases.  Ko  similar  statement  nay 

be  cade  for  the  values  of  (Er)  .  because  no  stable  measurements  cccli  fce 

u  o 

cade,  as  described  previously.  The  values  shown  have  already  beer.  "corrected* 
for  the  fact  that  the  protective  file  was  partially  destroyed  by  the  anodic 
current. 

-5.5.3  Recall  that  the  values  for  (F.»)  and  (E,.)  on  the  uninhibited  surface 

A  o  **  o 

were  -SSO  and  -SCO  mv.  respectively.  Thus,  the  open  circuit  local  anode 
potentials  were  shifted  in  the  cathodic  direction  by  something  between 
ICO  and  200  sv.  by  the  inhibitors  examined.  Likewise,  the  open  circuit 
cathode  potentials  were  shifted  anywhere  between  200  and  303  o.-.  is  the 
anodic  direction.  The  fact  that  any  shift  in  open-circuit  potentials 
occurred  at  all  is  of  considerable  interest,  inasmuch  as  there  appears  to  be 
common  tendency  to  draw  local  cell  polarization  diagrams  for  inhibitors  in 
such  a  way  that  no  change  in  open-circuit  potentials  is  shewn.  Such 
diagrams  are,  of  course,  very  often  drawn  with  little  if  any  experimental 
data  to  support  them. 
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4.5.4  There  is  some  justification  for  the  assumption  that  the  open 
circuit  potentials  of  local  cells  remain  roughly  constant  in  the  presence 
of  an  inhibitor  during  the  early  stages  of  fila  foraation.  The  viewpoint 
cay  be  taken  that  the  formation  of  an  adsorbed  inhibitor  fila  serves  to 
inactivate  that  portion  of  the  surface  on  which  the  fila  is  adsorbed, 
but  leaves  the  remaining  area  the  saae  as  before.  In  other  words,  the 
electrode  area  is  reduced  but  not  otherwise  altered.  Thus,  as  long  as 
the  electrochemical  properties  of  the  remaining  areas  are  the  same  as 
before,  the  corresponding  open  circuit  potentials  would  presumably  reaain 
unchanged.  However,  as  fila  coverage  be<  jes  core  and  more  complete,  the 
cetal  is  exposed  to  the  solution  only  through  small  pores.  Under  these 
circumstances,  the  concentration  of  ions  affecting  the  electrode  potential 
of  different  areas  ceases  to  bear  any  direct  relation  to  the  concentrations 
in  the  bulk  of  the  solution.  Products  of  the  corrosion  reactions  such  as 
ferrous  ion  and  hydrogen  gas  are  trapped  in  the  pores;  thus,  the  open 
circuit  potential  of  local  anodes  becomes  acre  cathodic  and  that  of  the 
local  cat nodes  becomes  core  anodic. 

•5.5.5  It  cay  be  seen  from  Table  IX  that  the  difference  between  the  open 
circuit  potentials  cf  local  anodes  and  cathodes  varied  between  130  and  200 
cilivolts  for  all  inhibitors  tested.  This  cay  be  compared  to  the  open 
circuit  potential  difference  of  5S0  cilivolts  for  the  uninhibited  surface. 
Thus,  the  inhibitors  reduced  the  open  circuit  potential  difference  upon 
the  surface  to  about  l/3  of  its  original  value.  Consequently,  a  corres¬ 
ponding  reduction  in  the  local  cell  corrosion  rate  may  be  accounted  for 
without  any  increase  in  the  slope  ««  tne  local  anode  and  local  cathode 
polarization  curves.  However,  the  remainder  of  the  observed  inhibitor 
effectiveness  was  accounted  for  by  an  increase  of  the  slope  of  these  curves 
This  affect  is  discussed  below. 


4.6  Polarization  Resistance 

4.6.1  All  local  cell  polarization  curves  appear  to  be  curved  to  soee  trtfet. 
Thus,  it  is  not  meaningful  to  refer  to  any  one  of  these  as  having  a  single 
slope.  However,  for  the  purpose  of  analysis  each  curve  cay  be  assigned 

an  "average  polarization  resistance"  which  Is  defined  as  the  total  change 
of  local  half-cell  potential  froa  one  end  of  the  curve  to  the  other,  divided 
by  the  maxima  local  cell  current  associated  with  that  curve.  This  concept 
of  average  polarization  resistance  has  utility  in  connection  with  local 
cell  curves  because  only  the  end  points  of  these  curves  have  practical 
significance  in  the  interpretation  of  inhibitor  behavior. 

4.6.2  Table  X  shows  the  values  of  the  average  polarization  resistance  for 
the  anode  and  cathode  branches  of  local  cell  polarization  diagrams  for 

the  uninhibited  electrode  and  the  electrode  inhibited  with  the  four  inhibitors 
for  which  local  cell  diagrams  are  presented  in  Figures  22  through  25. 

TASLE  X 

AVERAGE  POLARIZATION  RESISTANCE  -  (APR)  FOR  IJ5H3IT0RS 
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None 
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400 
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Sodiun  Arseni te 
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Subst.  Imidazoline 
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Thicurea  Derivative 


1500 
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Kote  first  of  all  that  the  polarization  resistance  calculated  for 
uninhibited  local  arades  is  roughly  IOC  tices  the  interface  resistance 


of  anode  areas  estimated  as  discussed  is  Section  *.2.16.  The 
polarization  resistance  shewn  for  local  cathodes  is  roughly  ten  tides  the 
interface  resistance  for  cathodes  estimated  frea  alternating  current 
neasurenents.  Thus,  if  the  values  deteruined  by  alternating  current 
neasur^-er.t  are  assured  to  be  essentially  correct  for  the  true  resistive 
component  of  the  total  polarization,  it  is  apparent  that  this  ccnpouent 
contributes  such  a  snail  affect  to  the  total  change  in  potential  that  it 
say  be  neglected  without  ruch  error. 

*.6. 3  Polarization  resistance  fie  res  shewn  for  inhibited  surfaces  are 
also  of  the  order  cf  ten  cr  core  tires  greater  than  interface  resistances 
found  on  inhibited  surfaces.  Here  again,  it  appears  th3t  the  purely 
resistive  cccpcr.eni  cf  total  polarization  accounts  for  only  1C3C  of  the 
observed  change  in  potential ,  even  though  the  resistive  ccrgcoent  increases 
considerably  in  the  presence  cf  an  effective  inhibitor. 

•4.6.*  The  variation  in  pclariratim  resistance  resulting  iron  the  action 
of  the  four  inhibitors  tested  was  ouch  greater  than  the  variation  observed 
in  the  open  circuit  local  ceil  potentials  produced  by  these  Inhibitcrs- 
Thus,  the  uain  source  of  difference  between  inhibitors  was  found  in  the 
average  polarization  resistance.  T-.ese  differences  shew  clearly  in 
Figure  2i  where  each  cf  the  diagrams  is  drawn  to  the  sane  corrosion  current 
scale.  Although  these  differences  ir.  polarization  resistance  are  interesting, 
they  probably  should  not  be  usez  to  draw  conclusions  about  basic  differences 
in  the  inhibitor  fils  unless  the  data  cpply  to  reasurenents  cade  at  the 


same  degree  of  inhibition.  In  clarification  of  this  point,  note  froa 
Figure  21  that  sodiun  ferrocyanide  showed  the  poorest  Inhibition  and 
sodiun  arsenite  the  best  inhibition;  and  at  the  saae  ti»e  Table  X  shorts 
tha^  sodiun  ferrocyanide  had  the  lowest  polarization  resistance  on  both 
anodes  and  cathcdes,  whereas,  sodiun  arsenite  had  the  hipest  polariza¬ 
tion  resistance.  Thus,  it  appears  that  polarization  resistance  (as 
defined  in  Section  4.6.1)  is  rare  a  function  of  the  degree  to  which  filo 
fornation  by  an  inhibitor  is  completed  than  it  is  of  the  type  of  inhibitor 
involved.  Unfortunately,  the  exact  amount  of  residual  corrosion  was 
difficult  to  control"  in  the  presence  of  the  inhibitors  tested.  Ih.us, 
a  comparable  set  of  polarization  diagrams  measured  starting  from  the 
same  inhibited  corrosion  current  for  each  of  the  four  inhibitors  was  not 
available. 

4.6.5  The  results  discussed  above  cay  be  interpreted  in  teres  of  a 
mechanise  of  corrosion  inhibition  which  involves  adsorption  of  a  protective 
layer  to  an  approximately  equal  extent  on  beth  local  anodes  and  local 
cathodes  of  the  mixed  corroding  electrode.  Although  the  data  indicates 
a  somewhat  stronger  overall  effect  on  cathodes,  polarization  resistance 
at  local  anodes  was  increased  more  than  ~zz  that  at  cathode  areas  by 
the  action  of  inhibitors.  The  fact  that  the  fils  resistance  was  responsible 
for  such  a  small  fraction  of  the  total  observed  polarization  for  these 
inhibitors  indicates  that  the  primary  node  of  action  is  a  plastering  effect 
by  which  most  of  the  original  active  area  is  inactivated  and  transference  of 
ions  and  molecules  through  residual  pores  in  the  protective  layer  is  highly 


lspeded.  The  similarity  in  the  polarization  diagrams  of  the  four  inhibitors 
examined  tends  tc  shew  that  the  protective  layer  in  each  case  was  rather 
inert*  that  is,  it  did  not  take  part  in  any  electrochemical  reaction 
itself.  Such  inertness  was  expected  for  the  film  deposited  by  sodium 
ferrocyanide,  the  amine  and  the  thiourea  derivative.  For  sodium  arsenite, 
however,  it  was  thought  that  a  large  area  of  deposited  arsenic  night  act 
as  cathode  for  a  few  sn?'ll  remaining  anode  areas,  thus  promoting  a  pitting 
action  where  film  formation  was  not  complete.  This  question  appears  to 
have  been  answered  negatively  by  the  very  high  value  of  polarization 
resistance  determined  from  the  cathodic  branch  of  the  local  cell  diagraa 
for  sodium  arsenite. 

4.6.6  Throughout  this  discussion  it  h3S  been  tacitly  assumed  that  the 
percentage  of  cerrcsior.  inhibition  was  a  direct  ceasure  of  the  percent  of 
the  surface  covered  by  the  protective  film.  As  a  natter  of  fact,  however,  - 
no  such  correlation  was  established.  At  the  outset  of  this  work,  it  was 
hoped  that  the  interface  capacitance  sight  prove  to  be  some  ceasure  of 
the  electrochenically  active  area  on  the  metal  surface.  Simons  {Bef.  14) 
and  o tr.ei a  have  shown  that  adsorption  of  inhibitor  films  causes  a  very 
large  cecrease  in  the  interface  capacitance  as  might  be  expected  from  the 
displacement  of  the  electrochemical  double  layer  along  with  the  water 
adsorbed  at  the  metal  surface.  As  has  been  pointed  out  in  Section  4.4, 

Table  VIII  shows  that  there  was  very  little  ccrrelati ;-r.  between  the  decrease 


in  the  interface  capacitance  anti  the  decrease  in  corrosion  rate  for  the 
various  inhibitors  tested.  fchezi.ar  the  measured  value  of  the  interface 
capacitance  was  not  proportional  to  the  residual  active  areas,  or 
whether  the  corrosion  current  was  not  proportional  to  the  residual  areas  is 
not  known.  Thus,  little  directly  useful  information  bearing  on  the  true 
current  density  at  local  anodes  and  cathodes  in  the  presence  of  inhibitors 
was  obtained  froa  this  work. 

4.6.7  It  nay  be  noted  that  data  for  the  reduced  potential,  FD^,  has  been 
onitted  froa  all  polarization  diagrams  for  inhibitors.  This  was  done 
because  the  difference  between  the  curve  for  PD^  and  that  for  PDp  was 
less  than  5  nr/,  at  any  point  over  the  range  of  Ix  that  was  of  interest,  and 
this  difference  was  never  enough  to  give  the  curve  for  PD^  any  distinctive 
features.  As  pointed  out  in  Section  1.11,  local  c«-ll  polarization  diagrams 
ir.  this  report  were  constructed  froa  data  for  PDp  and  not  from  data  for 
PDt_-  It  is  apparent  that,  for  practical  purposes  of  studying  the  overall 
effects  of  inhibitors  and  comparing  one  inhibitor  with  another  on  steel 
electrodes  immersed  in  salt  water,  the  IR  drop  due  to  flew  cf  polarizing 
current  across  the  interface  should  be  included  in  the  polarized  potential. 
Therefore,  since  IR  drops  through  salt  water  solutions  are  negligible 
compared  to  potential  changes  at  the  metal-solution  interface,  good,  useable 
potential  data  may  be  obtained  by  direct  measurement  from  a  reference 
electrode  located  at  a  convenient  distance  froa  the  electrode  surface. 
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SUMMARY  AKD  CONCLUSICXS 


The  following  statements  summarize  the  acccwplishments  and  results  of 
the  work  carried  out  under  this  contract. 

1.  In  order  to  eliminate  the  effect  of  internal  ceil  resistance  on  the 

electrode  potential  measured  in  the  presence  of  polarizing  current,  a 

circuit  similar  to  a  Pearson  3ridge  was  constructeo  and  the  technique  of 

super  position  of  small  increments  in  the  2.C.  polarizing  current  was  used 

to  adjust  the  bridge  circuit.  After  considerable  testing,  this  circuit  and 
-f 

general  eat  hod  was  Itound  to  be  unsuitable  for  the  electrode  system  being 
studied,  primarily  because  of  high  rates  of  change  of  both  interface 
resistance  and  electrode  potential  with  change  of  polarizing  current  in  the 
region  the  local  cell  current  is  close  to  zero. 

2.  A  special  impedance  bridge  was  then  constructed  by  means  of  which 

the  interface  resistance  and  the  interface  capacitance  shunting  this  resist¬ 
ance  could  be  measured  without  changing  the  D-C.  polarizing  current.  This 
circuit  was  used  successfully  throughout  the  remainder  of  the  work. 

3.  A  relatively  simple  equivalent  circuit  was  drawn  up  to  represent  the 
metal  solution  interface  of  the  corroding  electrode.  All  data  was  interpreted 
in  terms  of  this  equivalent  circuit.  It  waa  shown  that  equations  for  the 
local  cell  polarization  curves  could  be  derived  simply  from  the  electrical 
analogy  of  the  interface. 

4.  Local  cell  polarization  curves  for  the  uninhibited  steel  electrode  were 
determined  without  difficulty  with  the  help  of  a  recording  Corrosooeter 
which  measured  corrosion  continuously  at  all  times  during  the  runs. 


The  open  circuit  potential  difference  between  uninhibited  local  ancdes 
and  cathodes  as  indicated  by  the  polarization  curves  was  0.53  volts  at 
pH  4.5.  The  slope  of  the  local  cathode  curve  was  considerably  steeper 
than  that  of  the  local  anode  curve  as  a  result  the  equilibrium  nixed 
potential  was  only  150  milivolts  mere  cathodic  than  the  open  circuit  anode 
potential. 

5.  Local  cell  polarization  curves  for  a  number  of  different  types  of 
inhibitors  were  determined.  Passage  of  polarizing  current  to  or  fren  an 
inhibited  surface  produced  irreversible  effects  at  the  interface  causing  the 
accent  of  inhibitor  adsorbed  to  change  and  often  obscuring  the  true  potential 
behavior  of  the  electrode.  Disturbances  were  especially  severe  during  anodic 
polarization  and  as  a  result  data  for  inhibitors  obtained  under  these  condi¬ 
tions  had  to  be  extrapolated  to  that  corresponding  to  a  thercetical  undisturbed 
state  before  it  was  plotted  on  the  diagram. 

6.  More  or  less  complete  data  was  obtained  for  four  different  inhibitors 
representing  four  separate  types  of  inhibitor  compounds-  These  were 

(l)  sediun  ferrocyanide,  (2)  soaiun  arse.nite,  (3)  a  high-molecular-weight 
amine,  and  (4)  a  substituted  thiourea.  The  local  cell  polarization  diagrams 
obtained  for  the^e  four  inhibitors  were  very  similar  to  each  other,  indicating 
that  the  mechanism  of  inhibition  may  be  much  the  same  for  each.  This  mecha¬ 
nism  appears  to  involve  the  inactivation  of  a  large  portion  cf  the  electrode 

PCrfiS 

area  by  an  inert  film  along  with  a  deactivation  of  residu-l^not  covered  by 
the  protective  layer. 
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7.  The  shapes  of  all  local  cell  polarization  curves  obtained  in  this  work 
were  complex  and  did  not  lend  themselves  to  sirple  analysis  in  tones  of 
the  sum  of  a  resistance  tern  ar.d  a  logarithm  term  representing  interface 
resistance  and  activation  polarization  respectively.  This  was  not  suprlslng 
in  view  of  the  evidence  obtained  to  shew  that  anodes  and  cathodes  were 
converted  from  one  to  the  other  by  the  affect  of  polarizing  current  and 
that  both  concentration  polarization  and  diffusion  effects  were  present. 

8.  A  concept  called  "average  polarization  resistance*  was  defined  as  the 
total  polarization  of  local  cell  potential  divided  by  the  caxirtrr  local  cell 
current-  Average  polarization  for  inhibitors  correlated  best  with  the 
residual  corrosion  current  associated  with  the  inhibited  state. 

9.  The  general  method  of  studying  corrosion  and  corrosion  inhibitors, 
comprising  the  determination  of  quantitative  local  cell  polarization  data, 
is  potentially  very  valuable.  Fron  a  practical  standpoint,  its  use  would 
appear  to  be  limited  by  the  time  and  effort  required  to  obtain  ceaningful 
data,  and  by  the  instability  of  the  cecal  surface  toward  passage  of 
impressed  current.  The  experimental  difficulties  involved  cay  be  expected 
to  vary  widely  depending  on  the  particular  aetal  and  corrosive  systen 
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APPENDIX  A 


A  Derivation  of  the  Relationship  Between  the  Direct 
Uixed  Potential  PDp  and  the  Reduced  Potential  PD^ 

€ 

According  to  Equations  3  end  4  (Sections  1.3  and  1-4),  FDp  and  PD^  are 
defined  as* 

PDp  =  ♦  "i^R^  (Equation  A-l) 

FDj_  =  EA  ♦  iLRA  (Equation  A-2) 

Ifhen  no  impressed  current  is  flowing  to  or  fron  the  electrode  surface,  i^  =  i^, 
and  so  PDp  =  PDj_-  Khen  an  inpressed  current  Ix  is  flowing,  i^  will  be  greater 
or  less  than  iL  depending  on  whether  the  impressed  current  is  anodic  or  cathodic. 
Referring  to  the  equivalent  circuit  of  Figure  1,  it  is  assuoed  that  Ix  will  be 
distributed  according  to  Kerch off’s  Laws.  Thus  the  fraction  flowing  in  R^ 
is  given  fay 

(I  )  =  I  •(. - !i£L_\  (Equation  A-3) 

*  *  V»A*Rc/ 

Therefore 

i,  =  i.  i  (I  )  =  iT  ♦  I_  •(  gc  \  (Equation  A-4) 

“  A  W'«d 

Substituting  Equation  A-4  for  i^  in  Equation  A-l* 


=  E,  ♦  i-R-  ♦  I  -  (  raRC  \  (Equation  A-5) 


Noting  that  the  expression  in  parentheses  is  the  parallel  sua  of  R^  ana 
Sq,  which  is  by  definition  equal  to  the  interface  resistance  Rj,  there 
results 

PDp  =  ♦  ijR^  ♦  (equation  A-6) 

Comparison  of  Equation  A-6  with  Equation  A-2  shews  that 

PDp  =  PD^  ♦  lyRf  (Equation  A-7) 

which  is  given  as  Equation  6  in  the  text  (Section  1.6). 


cell.  For  steel  In  contact  with  brines 


was  ewch  larger  than  Rp 


except  where  Ix<  icorr  ,  so  that  chances  in  lx  could  not  be  used 
successfully  to  separate  the  teras  of  Elation  R-l.  In  such  circunstances 
it  is  possible  to  proceed  by  neglecting  the  IS  drops,  as  they  will  be  snail 
when  compared  to  changes  in  PD^.  However,  this  does  not  solve  the  problea 
of  roeasurino  itself. 

Another  source  of  interferdr.ee  that  a3>*  be  introduced  by  a  change  of 
polarizing  current  (lx)  arises  when  Rp  changes  with  Ix»  If  both  PD^  c-nd 
Rp  are  considered  functions  of  Tx,  then  the  differential  of  Equation  R-l 
bee  cms* 

Apr,  =  Alx  ♦  Ix  Alx  ♦  Alx  (Rf  ♦  Rs)  (Equation  B-3) 

\  dlx/ 

The  second  tern  of  Equation  3-3  is  seen  to  contain  Ix  as  a  factor,  and 
thus  increases  proportional  to  1^.  Thus  when  3j  and  Rs  are  relatively  low, 
their  effect  on  A?Pj  ray  be  cocgsletely  nasVed  by  the  effect  of  a  change 


ft*  IU  M*  (w 
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FIGURE  4.  CONCENTRIC  TYPE  TEST  CELL. 
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FIGURE  5.  H-TYPE  TEST  CELL 
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FIGURE  6.  PHOTOGRAPH  OF  TEST  SETUP 
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FIGURE  9.  DETAIL  OF  ELECTRICAL  CONNECTIONS  USED 
FOR  POTENTIAL  MEASUREMENTS 
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FIGURE  14.  LOCAL  ANODE  POLARIZATION  CURVES  -  UNINHIBITED 
ELECTRODE.  CONTINUOUS  CURRENT  DATA 
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FIGURE  15.  ANODIC  POLARIZATION  OF  UNINHIBITED  ELECTRODE 
A:  Potentials  B:  Interface  Resistance  and  Capacitance 
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MIXED  POTENTIAL  POLARIZATION  CURVES  FOR 


A  SUBSTITUTED  THIOUREA  (See  Texi) 
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FIGURE  21. 
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FIGURE  24.  LOCAL.  CELL.  POLARIZATION  DIAGRAM  FOR  A 
SUBSTITUTED  IMIDAZOLINE  AT  100  PPM. 
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FIGURE  25.  LOCAL  CEL  L  POLARIZATION  DIAGRAM  FOR  A 
SUBSTITUTED  THEOUREA  AT  50  PPM. 
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FIGURE  25.  COMPLETE  LOCAL  CELL  POLARIZATION  DIAGRAM  FOR  THE 
UNINHIBITED  ELECTRODE  WITH  A  TYPICAL  INHIBITOR 
DLAGRAM  TO  SCALE 


